AGARD-CP-459 


OHS  TILE  COM 


AGARD-CP-459 


CM 


<  —————— 

I 

O 

< 

AGARD  CONFERENCE  PROCEEDINGS  No.459 

I I  High  Resolution 


Air-  and  Spaceborne  Radar 


DISTRIBUTION  AND  AVAILABILITY 
ON  BACK  COVER 


COMPONENT  PART  NOTICE 


This  paper  is  A  COMPONENT  PART  OF  THE  FOLLOWING  COLLATION  REPORT: 

title:  A&tEJl  Conference.  PrcCeediny*  O'! _ 

Rks.^loii  m.  Q  ehcrtt£..-£>c?d^ 

LU.TK-e.  lAaaug  K/dlvMQ^cU  rfUvj 


fU-lA  ui.TK-e.  iAo0u_g^K/  d'W\Q^dc  Q/rf-r/J  Z2k| t  1%  7f 

To  ORDER  THE  COMPLETE  COMPILATION  REPORT,  USE  AD- Ail  B  l  St _ 


The  COMPONENT  PART  IS  PROVIDED  HERE  TO  ALLOW  USERS  ACCESS  TO  INDIVIDUALLY 
AUTHORED  SECTIONS  OF  PROCEEDING.  AfiNALS,  SYMPOSIA,  ETC.  HOWEVER,  THE  COMPONENT 
SHOULD  BE  CONSIDERED  WITHIN  THE  CONTEXT  OF  THE  OVERALL  COMPILATION  REPORT  AND 
NOT  AS  A  STAND-ALONE  TECHNICAL  REPORT. 


The  FOLLOWING  COMPONENT  PART  NUMBERS  COMPRISE  THE  COMPILATION  REPORT: 

ad?:  Pco^  %3S  4-hvu  AD*:  Pqc 5  ?S3 

ADA: _ _ _ _  ADA: _ 

ADA: _ _  ADA; _ _ _ 


DTIC 


Form 
mar  85 


463 


REPRODUCED  FROM 
BEST  AVAILABLE  COPY 


OP  I:  DTIC-TID 


A<  iAUI  >  (  !'  t>‘> 


Nt  )R  II I  All  AN  IK  '  TRI-AIV  < >l«  iANI/A  1 1<  IN 
,\l>VIS<mY(il«  HUM  OR  M-RDNl'Al'l  HI  SIAIU  1 1  ANI )  III  ATI  <  >I'MI  Nl 
(OKI.ANISAIHIN  HI'  I  KAMI  HI  I  AH  ANIl«.’"l-  NURIl) 


A(  i A Kl  >  (  oMlclciHV  I’locvoliliRs  Nn.-IVI 

I (|< ;| I  KI'.SOI.rriON  AIR-  AND  SlWKBOHNK  RADAR 


toosaslon  *qt 
mt'is  cram 
OTIC  TAJ 

Unua*»<M«*4 


T 

□ 


Iff- 

JlttributlAu/ 

Amt  1«»11  ltf  Cu»» 
bvflti  Mj/or 
l#l»t  1  ?p*ol  eX 


M 


|>;mK|S  I.ivsi-mal  ,11  ttu-  At  iii, lies  I’liiu  l  SvilipiiMimi  Mil  in  1'Di- 1  Iiirik'.  Ni-tln  rlaiuK 
'  S  l2Mavl>W>. 


I  III  MISSION  Ol  \<;  \Kl> 


Vi  III  (Inn1  111  llx  <  ll.lltci .  till-  III  ISM- ill  111  \<  i  \|i|  )  is  In  I  Mill}'  It  M'ClIlCI  llu*  ii  Mi  I  III!’  |  VI  Mill. ill  lh  v  « ii  (lie  N  \  l  (  >  ll.llli  ills  111 
till'  lidds  »»l  sue Ike  .uul  1celll|n|oL»\  id.lhllp  111  .1C  ins  puce  tut  lllc  Ii  ilK lllLi  pill  f  1 1 1SI-S. 
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anil  development  (with  pariicnlai  repaid  tu  its  military  application): 
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Participation  in  ACiAKI  >  activities  is  by  invitation  only  and  is  normally  limited  to  citizens  nl  the  N  A  I  <  J  nations. 


^  t  The  content  nl  i Ins  puhlii  aln  m  lias  been  i  epindueed 
directly  Imm  mate  i  ml  supplied  In  At  i.NKI )  m  the  mil  It.  us 


Pn hi i sheil  t  Mnhct  I  w.s*i 

<  opni;*lii At  iAUl )  |usn 
All  Kipllts  Kcsci  veil 

ISHN  '» ’  S  ‘m  ns  to  | 


I'mitCil  bv  S fu'i  itihuul  {‘minnx  .Sr*n/,  f  mnti'if 

HH  hiiiuv/i  I  tint’,  I  onyjibm.  I  \\r\  /( till  U  / 


tiikmi: 


Imaging  ici.li  nil  jtios  arc  important  sources  if  information  in  military  operations.  They  mn>  serve  fm  pm  poses  such  as 
target  detection  and  location.  iceoiiiiaissanec.  das  ifiention  and  idciitilication  ol  fixed  nr  moving  objects  as  well  as  lor 
«»!  lent. ilion  oxer  unknown  leirain.  Despite  considcinble advances  in  t  lectin  optical  imaging  systems ihc  iail.ii  sciism  lia.s 
become  an  alii  active  alkmilive  lor  several  reasons;  large  range  performance,  penetration  of  weal  her.  smoke,  dust  and 
foliage,  dav  and  night  operation.  ( >n  the  other  hand  high  resolution  radar  tcdmii|iie..  Midi  as  synthetic  aperture  radar  (SAW) 
Mini  inverse  synthetic  aperture  radar  ( IS AK)  promise  geometrical  resolution  of  about  I  m  and  less. 

The  proposed  .symposium  is  focussed  mainly  on  SAK  and  ISAK  tcchnii|ue.s.  ( ‘onveniional  imaging  radar  such  as  side 
looking  rmlar(Sl.AK)  and  MM-wavc  radar  will  lx  considered  as  well.  Furthermore,  the  use  ofsiiperrcsolulion  signal 
processing  techniques  for  radar  imaging  will  he  addressed.  It  was  the  goal  of  this  symposium  to: 

present  the  Mate-nf-tlio-iirl  of  high  resolution  radni,  indiidiitg  descriptions  of  existin':  or  planned  systems  and  concepts 
identify  limitations  n|  existing  systems  concerning  resolution,  processing  speed,  si/e  J  weight,  l(  M  resistance  etc 
present  advances  and  trends  in  electronics  and  microwave  technology  that  promise  solutions  to  the  identified  issues 
present  nov  el  algorithms  and  architectures  for  real-time  signal  and  data  processing 
discuss  new-  radar  imaging  principles  and  applications  ol  mililaiy  relevance 
eoiisidci  calibration  necessities  and  possibilities 
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scrvii  a  dill  cronies  tins  Idles  i|uc  la  detection  cl  la  localisation  tic  la  cihlc.  la  reconnaissance.  la  classification  ct  ridcntilication 
d’ohjets  fiscs  ou  mobiles  ct  I'orientation  lorstle  survol  de  terrain  iiiconuu. 

Mulgre  les  progivs  cotiMdcrnhlcs  realises  dans  lc  tlomainc  ties  systemos  d'imagci  ic  electro  oplit|ucs.  les  senseins  tadai 
representeitt  aujotird’hui  ime  dption  intcressante  el  ceei  poor  jilusieurs  raisons: 
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penetration  tic  I'almnspliciv.  tie  la  li'.ncc.  tic  la  pnusvieieei  du  Icuilt.ige 
fonciionnement  -MIimii  24h. 

D’autic  pan.  les  techniques  ties  radius  tic  haute  icsnliiJinn  ids  t|ue  les  indars  a  ouu'iluic  sun  lit liijuc  (SAK)  cl  les 
radars  a  iHiU’ituie  syntlielii{iie  inverse  (ISAK)  laissciil  prevotr  tine  i evolution  geometrii|ne  d’em  iron  I  m  i m  moius 

I  es  symposiuni  propose  concenic  principalcinent  les  rmlais  SAK  cl  ISAK.  mats  les  i.nl.usa  imagcnc  d.issu|iic  ids  tjiic 
IcMatlais  aeioportes  a  bnlnvngc  iatcial  (Sl.AK)  el  les  inilais  a  unties  niillimetiii|ucs  seroin  cgalcincMl  pus  cn  coiisiilctatiou. 
ainsi  qiic  hi  mise  eit  <eu\  tede  tednm|ucs  tic  iiailcmciil  tin  signal  a  lies  haute  i evolution,  thins  I'm.  ig.ciic  tadai.  I  os  ohjeelils 
du  sMiiposimn elaicm  lev  Mutants: 

pieseiilei  IVlat  tie  I'atl  thins  Ic  donmine  lies  lilt  la  is  de  haute  (evolution  a  p.i  r  1 1 1  tie  i  level  iplioiis  «|<*  sv  Sicilies  el  tie 
concepts  aeluels  0,1  pievus 

pieeistM  lr.  liniites  ties  sv  Meincs  esisiaiiis  cn  ee  t|in  inneei  ne  l.i  lesolutioii.  la  vitcssc  tie  e.ileul.  Ic  puuls  el 
i  eiieoniliieincni.  le  degtc  trimiiinuiie  auv  einttic  mumiics  elei‘iionit|iies  |l-(  Mi  etc... 

piesenlci  le-,  progies  tea  list's  et  les  tendances  thills  le  doiti.imc  'le  releeli  oiili|iie  et  tie  la  leelnn  >h  igic  1 1 1  suseeplihles 
d  apptulei  ties  solution  au\  questions  soulcvees 

ptcscntei  lev  nouu'iiuv  algm  it  limes  el  les  iiniivdlcs  au  liileeliues  pmn  le  li.nlt  mini  du  signal  et  le  n  iilvnieiil  ties 
donnecs  ell  temps  iccl 

tliseutei  ties  nouveau  v  pnneipes  tie  rmiageiie  1ad.11  et  ties  applications  d'mtcici  militaiie 
e.saniinet  les  hesoins  en  itlnlicie  dcluloMtiagc  el  leui s  possihililes 
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It  is  for  me  an  honour  mid  a  pleasure  to  respond  today  Ur  the  invitation  to  present  the  Keynote  Address  to  this  A(  IAKI ) 
Avionics  Panel  Symposium.  It  is  in  particular  a  pleasure  to  welcome  you  t< » the  Netherlands  as  it  is  selected  to  host  your 
meeting.  The  Symposium  indeed  is  entitled  “High  Resolution  Air-and  Spacehonie  Radar".  however  ns  is  icquirrd  horn  a 
keynote  address  -  I  would  like  to  pul  this- .subject  in  the  broader  perspective  of  the  future  tcquiiemcnts  and  development.*  ul 
aerospace  a vh lilies. 

A  lew  year*  ago  an  annoyed  Senator  remarked  at  a  court  hearing  in  the  l  nited  States  about  a  certain  aireralt  production 
programme  (the  !*'  14)  that  ‘this  is  the  last  time  this  nation  buys  a  twenty  million  dollar  combat  aircraft',  ‘Ihe  Sena  tot  in 
question  was  proved  right, albeit  in  a  different  way  from  what  he  meant.  What  happened  with  this  aircraft  is  also  happening 
even  mole  often  in  praelieally  all  the  western  countries,  in  view  of  the  financial  and  economic  situation  connected  with  the 
use  of  increasingly  sophisticated  technologies.  Therefore  we  may  well  ask  with  justification  whether  new  technologies  will 
enable  the  improvement  of  Ihe  defence  in  an  affordable  manner. 

Some  essential  aspects  concerning  new-  technologies  to  improve  conventional  defence  are  provided  within  the  context  ot 
tile  eui  rentlv  applicable  strategy  as  reflected  in  the  ( ‘oneeptual  Military  Framework  which  was  accepted  bv  NA 71 )  m 
I  lecemhet  l *)H5.  I  he  Conceptual  Military  I  tainevvork  provides  a  eohcicnt  assessment  oi  the  long  term  pimil  the  veai  .Riot  l) 
xtnitegiv  and  metical  objectives,  tasks  ami  necessary  militaiy  means  ol  the  NAI'< )  Alliance.  Its  aim  is  to  piovalc  a  basis  on 
which  guidelines  and  priorities  lot  long-term  planning  cun  he  founded.  Thus,  and  also  taking  account  ol  the  enrolls  national 
pic  conditions,  national  plans  can  he  developed  lor  the  allocation  of  dclcncc  equipment,  peisounel  and  iiifta.xmicluic 

Helm e  Worhl  War  II  mililiityslicngtli  was  eonsidcied  mainly  in  terms  ol  quantity;  what  counted  was  how  many 
weapons  a  country  had.  The  first  advanced  military  technologies  did  not  arrive  until  Wot  Id  Wai  II  ol  which  ind.u,  the  jet 
engine  and  missile  technology  sue  striking  examples.  Since  then  the  quality  ol  weapon  systems,  in  tei  ms  ot  speed,  aiemaes 
mu)  destructive  power,  has  become  more  important  llun  the  quantity  There  is  theieloie  no  point  any  longci  in  thinking  in 
quantitative  terms,  that  is  In  say  in  counting  who  has  tin  most  weapons.  The  ability  to  maintain  a  balance  oi  powci  depends 
incteasingly  on  available  technology  and  its  exclusiveness.  Keeping  »  qualitative  lead  in  terms  ol  technology  mas  comitciacl  a 
shot  Hall  ol  quantity.  This  is  why  military  research  and  development  will  play  such  a  ciucial  pai  t  n  inaim.uinng  the  hnlaiici  ol 
powei.  Nc\n  H’sulls  hi (tmlitiif \  )  icseaichaml  ilevelopuieiit  mas  casils  undeinune  the  balance.  I  lms,  amts  eoiiliol  is  to  a  large 
extern  decided  bv  llkdcgiec  ol  technological  change  I  i.ithcimoii*  the  tmancial  icsouiees  and  the  willingness  ol  the  imliatoi 
decide  the  extent  to  which  mci  cm -.ingle  ad  Minced  technologies  will  be  created  and  used  With  these  it  refutable  lads,  dial  imu 
sav  Ihe  eontiollahililvol  the  economic  and  tedlihilogieal  imcnloiv.  a  typical  illustiation  is  given  ol  the  pcac  and  seem  its 
problem,  l-.coiiomie  and  technical  ciealmty  is  decisive  anil  can  in  lad  not  be  limited  bv  an  agreement.  It  is  a  Inclor  to  be 
decided  by  a  powci  llsclt.  It  contiols  ilxovvn  pt ogress  lowanls  the  r':»h/aiion  ol  ns  objectives. 

I  lk  ( 'oneeptual  Military  I'lamewnck  accepted  by  the  NA  I  t )  cotmiiies  icllccls  the  situation  in  l‘>xs  and  starts  liotu  the 
ptetnise  that  tlic  Warsaw  Pad  will  mainlam  its  mimeneal  mi  pci  ioiity  and  w  ill  cneigeiicallv  ti  v  in  make  up  any  qualitative 
backwtmlness  I  he  documcnl  theieloie  mges  a  coiiibinatinii  ot  i|uaiiuialive  and  qualitative  mipinuniehls.  I  he  emphasis  i s 
on  qualiiv  which  is  to  he  improved  mostly  by  inti  oduemg  advanced  technologies.  In  NATO  these  ideas  have  eiystalli/cd  ill 
the  l  onvciitional  Udciisc  IniptoVeinem  I’logiam  (U)l). 

VVlial  ate  these  so  called  'cmciging technologies',  t >1  which  m;m\  people,  lightly  or  vvtongly.  expect  mnarlcs?  A 
imillituvlc  ol  pahhcalions  and  comments  show  that  as  ivgiiids  basic  tcihlliquos  and  ideas  not  much  new  can  be  expected  in 
ihe  ncx‘  I  wo  decades  olhet  than  what  is  ahead)  picdiclablc.  Possible  icscaich  a. -ms  me  pinclically  lived  Ncvvrtheliws.  \  asi 
•urns  of  monev  ate  involved  lit  tins,  w  nil  the  added  complication  ol  sclectn  m  and  establishment  ol  pttoi  Hies  im  the  most 
I  tomisiiig  icscmcb  aicas. 

I’how  who  deal  wilh  the  politics  coiiceiiung  teehnologv,  stutegx  and  anus  coni  ml  mm  uvngm/e  si  v  tcclmohigienl 
leiidcneies  at  least  until  the  end  ot  IhlsecilllltV. 

a  Inc  reusing  mcoriuy  and  homing  eapucily  "I  all  sorts  til  weapon  •,  at  sea.  on  land  aiul  in  tlh  an  by  using  accut  ale 
navigation.  liidialioii  detection. nmnociivt ability  and  piuu-ssing  techniques, also  against  mobile  laigels,  mu  |i  as 
satellites  and  ballistic  missiles,  resulting  m  an  itu  icasco  vulnc 'lability  ol  es'ch  static  and  mobile  ob|i  cl. 


1 1  Ht'tlurt'il  visibility,  'iirliulnii'  aeiodv  unitin'  design  and  using  ru.*it<*i i.it  that  ruiNilr,  nbl\  i educes  lilt*  chance  "I  IlMrir 
i»l>|i vl*»  Ihiiii1.  Jrlfi  ti  H  A  icducli*»ii  in  cln  iinmui'iivlic.  .icmisln  .in* I  heat  i ,t* li.i l n >11  will  l  omnium- 1<  i  llus  ll  iiumms 
ill. il  ttriivin  'll  nlijivis  mvilis  sn  laic  lli.il  it  roiiMdriahk  k  iln*  rs  i hr  u.u  ninj1  li m«  needed  lm  (riu  non 

i  Inri't’iiM'  in  nmhilily  ol  I  mill  l,m  mlinn1  |*.t>  Is  .iml  *  i  mini.  mil.  i .  iiilinl  and  L  *  *i  riniii  ru*  at  ions  l.n  i  lilies  p  I) 

it  IvMrtt  burdening  techniques.  b\  using  now  iiu-ilnnls  and  materials.  hhIikmiil*  the  vulnerability  and  tlieiehuc  the 
accessibility  ol  targets. 

i*.  A  mure  effective  strategic  iliTi’iU'i.  in  particular  a  ballistic  defence  by  inua|*i ail  use  ol  tadialinii  weapons. 

t.  Duin  pruecssing  techniques.  by  analysing  mu!  collating  (lain  being  let  I  in  by  main  kimls  nt  sciisms.  It  oilers  the 
oppniiuiniy  tonbinui  a  quicker  ami  better  understanding  access, ny  bn  derision  making  ami.  moreover,  provides  a 
means  to  wnly  the  implementation  or  aims  control  agreements. 

These  six  temleiicies  show  the  cause  ami  inevitability  ol  a  \ieious  ciiele  that  is  in  the  arms  race  spiral  niMnvnig  to 
maintain  a  balance  ol  power.  I;aeh  move  in  the  game  to  obtain  a  cnml unable  posilion  is  an.swcicd  by  a  more  powerful 
coimiei  -mmr.  I  lie  moment  of  the  counter-move  is  mainly  a  technology  Iransfet  pioblem.  In  other  words,  eaeli  tcelmit|iie  has 
its  anti  technique.  <  ntiillcrmcHMircs  continue  to  be  necessary  and  imestments  m  armaments  ate  eomimieil.  I* tom  the  listing 
of  technological  tendencies  the  conclusion  can  be  drawn  that  in  a  possible  eoulliel.  he  who  most  controls  the  frequency 
spectrum  stands  the  best  chance  of  winning,  because  all  leading  tccluiii|iies  are  based  on  the  pioduelioit,  interception  or 
interference  ol  some  lot  in  of  radiution  and  this  in  pniticnlur  represents  the  domain  of  into  rest  ol  this  Symposium.  A  .second 
conclusion  that  can  he  drawn  from  the  listing  of  Uehnologieal  tendencies  is  that  euiieiilly  developments  in  eleelioiiies  ami 
iberelore  avionics  -  ■  domimite  progress  in  nearly  all  areas  ot  imeivM.  This  explains  why  really  significant  improvements  in 
aireiall  design  ate  not  to  be  expected  until  after  the  vent  JlMJl).  with  the  exception  of  electronics.  Meeironies  now  has  piime 
place  in  the  weaponry  game:  you  only  have  to  step  inside  the  opei  aliens  room  of  a  modern  warship  to  appicciutc  to  what 
extent.  The  windows  on  the  world  outside  are  not  portholes  but  screens:  air  and  surlaee  radars,  sonars,  thermal  imagers,  lasci 
iangeliutler.s.  In  some  areas,  theeleetronies  xccioi  gains  from  a  cost  -culling  environment,  because  u  is  able  to  make  available 
arms  mote  cllccuvc.  Moteover.  teelmologieal  advances  aic  constantly  creating  thcii  own  needs:  deteelion  ami  avoiding 
detection:  guiding  and  detlceling  weapons;  lamiuiug  and  eouniei  imui.iing  signals,  ami  this  is  what  I  meant  cai  liei  bv 
technique*  and  anti- technique. 

Meeliiimeal  controls  in  aircraft  are  replaced  bv  computet  coin  rolled  actuators,  ami  snliware  algorithms  ui  tuallv  11  v  ill** 
plane;  mimaturi/ed,  mole  sophisticated  and  more  tightly  coupled  .sensors,  displays  and  avionics,  are  now  tied  diiorllv  into  the 
eoiupuleived  flight  control  system.  known  as  "control  configured  vehicles".  The  continence  nl  these  new  technologies  will 
hi  mg  higher  perlmmaiiee  and  “.survivability*'  In  the  next  gcilciation  of  mililaiy  aiiciaft.  This  in  a  not  .shell  n.  presents  the 
situation  ol  today,  but  application  ol  essential  ami  significant  developments  Mill  requires  many  year*.  To  biidgr  ibis 
timehame.as  a  timely  ami  economical  nliernalive.  military  aircraft  aie  now  increasingly  being  upgraded  in  nrdn  to  satisU  the 
need  to  stay  abreast  of  the  operational  environmental  eompliealion.s. 

It  ha.s  become  a  fact  ot  lile  In  cx|K.rieiicc  the  increasing  disharmony  between  the  .’H  .?s  vent  tileevelenl  .svsleins.  the  lb 
\e.ii  evolution  oi  the  operations  environment  ami  the  .s  veni  leelmology  time  constant.  I  his  disharmony  indeed  is  ineiea.sing 
as  .1  tesuh  ol  the  eontinunusly  la-dci  deselopmg  technology  The  expected  environment  in  which  military  aueialt  have  m 
operate  is  evolving  ratlici  spectacularly.  inninlv  as  a  icsult  ol  the  piohleration  « >1  precision -guided  aim  aiieialt  weapons  ami 
electronic  eiiimleimeasiiu  s.  The  mentioned  dishaiinotiv  between  available  leehnologv  ami  the  operational,  economical  and 
stiueluial  lilet inii'  ol  an  am  raft,  inmates  the  need  lor  a  continuous  ih«w  ol  inodilieatioiis.  The  two  laeels  anti  aueialt 
weapons  and  eleeliouie  eouiileimc.i.siiies  represent  the  argument  to  the  statement  that:  “  The  ssumei  in  the  futme  will  he 
the  one  who  'sees’  the  otliei  first".  We  aic  talking  heic,  ot  course,  about  the  "beyond  visual  range"  i  apabililv  and  indeed  that 
is  manilv  a  mallei  ol  iivumies  am)  visa mies.  I  he  military  aiietafi  development  maikei  thenfoic  has  ainvcd  at  an  upe.rade 
inaiket  to  allow  those  mainly  eleelrouie  developments  to  he  incorporated  in  addition  to  some  improvements  to  the  slim  tine 
ill  oidei  to  si i etch  the  lilelinic.  The  examples  ale  upgimles  to  I-  I.  I  S.  I  M.  I  I  \  I  lb  and  A  aiiei  all.  The  inihini  v  aueialt 
of  the  nineties  will  be  rhanielcri/cd  by  upgraded  uireial't  ol  the  eighties  ami  even  seventies.  Such  a  conclusion  is  also 
significant  lm  this  audience. 

Having  provided  a  description  ol  your  working  environment,  lei  me  approach  tunic  spei  ilie.illv  the  .xiihjcs  tsol  vom 
Ss  mposium.  and  give  mv  view  on  the  support  we  requiie  horn  aireialt  avionics,  boi  civilian  aueialt  crews  the  development  ol 
very  aeeuiale  navigatii  n  ami  approach  systems  m  eombnintioii  w  itli  adsaueed  autopilots  and  with  autolaml  systems  can  be 
seen  as  ihe  most  iiiipornuil  developments  until  now  as  tar  as  avionics  aie  concerned.  Allot  liei  impoi  taut  development  was 
instalhilioM  ul  g.roimd  pr ox inaly  warning  systems  and  weather  radars  which  unproved  Ihe  safely  tremendously. 

I  hml  nUmt  1*1711  mililaiv  pilots  weic  luippv  with  impioMng  navigation  systems  ami  improving  lue  contiol  ladurs  In  the 
seventies,  the  introduction  ol  ft\  bv  wne  ami  ol  digital  avionics  changed  I  lie  woild  lot  mililaiy  pilots  With  the  old  analog 
systems,  changing  the  avionics  was  a  costly  ami  dill'icull  alluit  lodav  in  an  planes  like:  the  b  bun  i-  IK.  nil  important  increase 
in  peilonuainv  ol  the  aiiplatie  as  a  Weapons  svMem  can  be  realised  by  a  sohwaie  eliaiige  to  one  or  moie  o*  the  onboard 
com  pule  is. 


I  ookillp  min  till*  Inline,  .uldmp  new  ekviomn*  systems  locmhaii  :mei:itl  will  m. ike  Ihe  .uii  t  .lit  c.Mei  and  s.ilei  |u 
update.  In  sonic  fuses  the  new  can  he  reduced  Imm  1 1  nee  In  two.  I  lie  development  diivcis  in  ihe  1 1\ ili.in  world  ate 
clhcicncv  and  sntclv 

In  Ihe  iinlit.it \eni M  the  math  dll  vet  I-.  i!n*  ellicuau  v  nl  Ihe  .urn  .it I  .is,  ,i  wr.ijmii  svsiem.  lUt-.u i ii!>a.  belter  ,m  m.u  v  hi 
\\im|hiii  deliveiics  ,nul  ;n>  nnpimeil  ski  \  i  \  jihilil  \  ui  an  hostile  eitoi  omiu  nl  I  he  ilvvelupmt'Mls  in  t  In  lux  in  •.  11 1  tin  m  n  mie-. 
liave  led  in  the  addition  nl  a  larpc  nuinhei  nl  sensors  ami  subsystems  m  the  avionic  sy  stem*-  nl  mil  1  la  1  s  unciali  I  he 
mchileeturc  nf  a  .standard  avionics  system  cunsiMs  ol  nne  nr  more  dalalnis  systems  with  a  larpe  mimbct  nl  I  me  Replaceable 
l  hills.  bach  bine  Replaceable  Unit  with  it.s  own  specific  elect  ionics,  mu!  nl  com  sc  it*-  1  nnlmp  ami  pi  iwc  leiim  lenient  Must 
of  the  time  the  information  from  III)  the  subsystems e:m  be  presented  to  the  pilot  m  inanv  nptiotism  eombiiinunus  u|  options 
I  specially  hi  imulcm  staple  seal  aiteiiilt  we  see  that  Ihe  pilot  pet-.  mueh  nm:e  mini iiuiIk >11  than  he  can  ahsoih  ami  use  at  a 
t i-i lain  moment.  To  reduce  the  workload  amt  fillci  the  d.ila  Ini  (lie  pilot  in  an  ellieicnt  way  will  be  a  vhalldipc  hit  the 
enpmeels. 

The  speeil  with  which  !ie.«' teehnnlnpies , aid  with  them  new  comiiciiticasiiics  become  available  in  die  western  wniUf  as 
well  sis  in  die  Soviet  t  hiion,  makes  u  more  ltci|iunt  a<l|\istmeni  of  weapon  system*  neeessai ...  Hie  reunited  changes  in  I  f  M 
systems  sue  hard  to  follow.  A  von  In  nee  ot  Ihiesits  punlcd  h>  radar  systems  by  leduemp  tsul.u  v  loss  seitmn  is  one  was.  inn  11  is 
also  a  very  cxprnMW  v»a\.  Avoidance  ot  the  threat  by  leiiam  iila.skmy  npuuisl  pinuinlbascd  systems  in  combination  with  I  <  M 
lot  the  nu  borne  systems  will  eontinue  to  be  a  vsthiitble  option  111  the  cm  nmp  decades 

The  ilevelnpmettl  of  passive  tcrtniii  avoidnnee  systems  said  mom  acctiiali  havipalion  and  weapon  delivers  systems 
bused  on  an  onboard  dipital  terrain  database  seems  vet\  piomivmp.  In  this  tespeel  we  Mill  lose  a  Ini  nl  aiuialt  amt  1  tew  due 
to  uncoiil  roiled  Mipld  into  ten  uin.  Ihe  use  ot  a  distal  ten  am  database  Ini  a  hellei  pi  mind  ptoMimiv  w.ntiuu:  system  will  be 
\ei  v  elleettve  in  peacetime  as  Well.  The  development  nl  mcpnbilc  memm  v  chips  will  make  it  possible  to  stun-  the  tu  1  essai  \ 
data  lor  larpcpcopinpli  eal  ate.ts  in  small  lipluei  tvpe  aneialt.  <  U  emu  sc  u  will  lu  net  ess.uv  10  develop  the  iei|tiue«l  d.uabasi  s 
will',  a  sullieieul  level  of  iceur.icy.  It  should  he  iculi/cd  that  111  the  eutileM  nl  elect  1  mm  waita'e.  passive  systems  tiiu  lii 
re  I  resent  the  most  promising  pmspeels. 

A  new  atea  dial  alsoseeiif  set  vpiomtstiip  is  the  atea  ol  heli-iei  mounted  displav*.  I  he  in.iimus  nl  mu  <  mivi  11iiui1.1l 
nlleltsise  at  I  el  all  eailllol  operate  at  lupin.  Addilion  ol  ;i  d  ip.it  al  let  lain  ihiln  svslein  in  1  ninbnialiuii  with  I  ui  w.ml  I  on  I*  11  u* 

Inlnt  Red  and  I  nw  |  iphl  Television,  it  the  inlorimttion  can  be  piesciitcd  to  tin-  pilm  hi  an  aci  epiahle  w.i\.  wdl  im  leas*'  the 
eapitbililies  ol  euttenl  aneialt  unisidci.ihb.  At  the  same  tints'  liowc'ei  the  develupmenl  nl  Inset  h  1  hiiulm  v  is  1  uip« uuo  N.  w 
setisois  in  the  v i»  tble  putt  ol  the  speelium  will  become  m*  re:  siiiplv  viilnei.ible  in  weapon  sv stems  ihai  make  use  nl  lasei 
eneipy  I  -  veil  the  eves  ol  Ihe  pilot  have  to  be  piotci  let  I  apainsi  those  types  nl  w  ■•apom  1‘licie  may  he  ,1 1  mu  that  die  pi  Im  1  11 1 
not  look  nl  die  outside  wot  hi  any-  tunic  when  lie  is  mum  enemy  let  utotv.  lias  outside  wmld  m.iv  have  in  I  u  .11  Idu  i.illv 
pie.senlcd  to  him  in  the  visoi  ol  the  helmet,  lli.it  also  pioteets  him  limn  Idmdmp.  In  laser. 

Anollici  tiupoMatil  atea  is  the  atea  nl  Impel  uleiltilnalioii  and  elassdu  atinn  \V  it  It  tin-  nupinved  .in  t<>  an  weapon*,  hk« 
(lie  Adviilteeil  Medium  Kailpe  An  In  An  Missile  hex  oiuitip  available  and  I.k  »*■  1  inn  nl  wi  of  am  tall  In  mp  1  apabh  <>l  uaiie 
these  weapons,  (lie  ideiitihcalion  piohlem  heeomes  inme  mipnii.Mit.  I  In  N  \  1 1  >  nl. -unlit  aimu  svstem  r  a  mi:  .1  I  In 
irnpIciiictiIntioM  nl  a  Muliilunelnmal  iutoMnalioii  I  »i  stithiitn  *11  Sytem  v  ill  enable  a  iiihm-  ellieiriit  tiseul  all  seiisnts  as.nl.iM. 

<  M  eotnse  the  implications  ol  eleelnmie  combat  will  make  tin-  usefulness  nl  sv  stems  like  die  Mulldimi  1hmi.iI  ini.  it  in.n  m 
I  >ist  1  ihutii hi  System  tjlU'Mtonatile  1*10111  m\  expel iruce  in  mv  piev ions  N  \  I  (  t  .rsnimn'em  ami  a*,  the  Neihei laud*, 
lepteseiilative  ill  Ihe  NAK  )  Air  I  Vlemv  1  omintllec.  I  can  .issuie  \mi  that  mte  ol  tin  most  1  maples  piobie  ii'.  in  the  <  >  1m.1l 
Rej'ion  till  1  ui)*.  .1 1111  It  tiiiv  emdliel  wdl  hi  Alt  span  -  M.uiaj'eiinni  \S  ilh  all  \  ti'ieiil  plans  Im  the  I  u-li  In  111  nl  « lit  ft  uni  l*.  pe  .u! 

I 'imiitnned  A11  Vehicles  by  the  Arttlies  ami  Ait  bones.  Ill  1  nmhiii.ilimi  wuh  .ill  nijMiiii  SiiiI.h  e  n>  vu  Missih  Sv  -.lem-.di.il 
ale  deph  wed  alieatlv.  Ailspnee  mai nipei iteni  becomes  .  Ii.illt,-il|’.iiij'  iildeed  I  lowevei.  0  sv  lei  11  like  In  Mi  iliiliun  ii-'ii.il 
Inlnmialion  1  tisliilmlion  System  seem  uoavnidablr  in  this  wrn.ii.i  > 

I  lie  leijUllcitl  'ill  to  pteselll  ill-  ui-  data  to  the  prl-  >1  in  siieli  a  w  as  Ilia  l  he  is  able  In  Intel  pi  el  the  d.ila  .  nuc*  ih  ami  lit  the 
1  i)'ht  pi  lut  i tv  makes  (he  use  nl  enlolii  displav s  nime  in  pent  I  he  ie*|Uiu  meiil  Im  the  indiiMi  \  In  dev  eh  ip  displ. i\s  lli.it  dn  m  a 
take  ton  much  loom,  have  ciimijdi  emiiMM  111  siuili)ih'  eouditions  and  v  an  Maud  the  m1ln.11  v  spa  tin  .an  aw  is  a y ie.u  1  hall.  ii»m 
uuleed. 

An  inleiestiiip  chaiij'i-  that  hits  taken  place  ullendy  is  the  tact  that  the  »leu  l.ipnieiii  ol  tni'  io  eh*,  umin  s  in  ilu  1  *.v  ih  m 
wni Id  in  itiiiiiy  metis  is  ahead  ol  the  stale  nl  the  ml  mtlilaiv  av tomes  I  Ins  stmuld  he  used  as  miuh  as  pnssthle  In  invu  1  du¬ 
el  isl  of  mil ll;ii  v  s\ stems.  Mmltliiip*  militai  \  h.mlwaie  u*  nip.  si .11  id. n  d  riuii|  'niieiii*.  that  aie  av  adahle  on  die  1 1\  ill. 11 1  in.iil->  1 
should  Inwei  the  itv  v  elnpmeut  and  ploiluclinn  costs. 

I  lie  speeil  iiud  Olenini  \  1  apai  ilv  nl  1  niictil  .old  hillin'  nuetupiiH  essm  s  w  ill  be  siieli  1 1  ml  sevei  al  nl  the  mu  leni  biilkv 
I  me  Replaceable  l  •ml4-  eatl  be  mtnbuied  ill  >*  stitple  black  ho\  with  I  me  Re  pi.  u  cable  Modules  I  he  volume  and  \v>  u'.ht  ol 
i-;idi  suhsvsleni  will  ileeli-use  and  llu*  tell.ihililv  vs  ill  mipiovi-  tieiueinloiisK  il  die  p;  edict  n  ills  aie  1  iplil  at  the  iinindm  In  111 
of  Vny  I  li)>Ji  Spenl  Inlcpiulrdc in'iiil  teclmolupv  \N  I1.1l  I  witness  as  the  Netln-i lands  pome  lepiesemauv e  in  tin  I  In 
SiccMii)1 1  ornnmiee  is  that  willun  ;t  lew  se.its{  Ions)  uilhnliielion  ol  hmeiinii.il  avioim  »  hisieis  will  he  .1  le.dilv  N--  I  s.ml 
helnte,  the  nest  leu  ve.11  s sei  iti destined  to heei mie  a  decade  ol  let lolitliiip esislinp. .tin  mil  w itli  new  .nionu s  It  is  mu  u  1  \ 
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likcls  1  hat  the  defence  budgets  in  the  western  uoild  Mill  jinw  in  i Iil*  same  way  as  they  Ii;iu‘  done  in  the  p;ist .  The  only  way  to 
luul  lit  ones  lot  new  systems  a  ill  he  todecicase  the  cost  of  maintenance.  meaning  lew  people  uquiied  10  do  the  maintenaiae 

•  *l  the  \;ime  rumdvi  nl  aim. ill. 

I  he  hugest  challenge  in  the  neat  hr.me  Mill  he  the  development  ot  all  the  necessary  .snliwaic,  which  can  he  dliiNliateil  l>v 
the  htHl,tiO(l  required  instructions  in  a  com  hat  aircraft.  The  more  systems  are  integrated  the  more  ehallengui  1  the  sohwaic 
development  tasks  will  he,  Another  area  nl  concern  will  he  the  flight  test  requirements  of  all  the  advatieci'  vms,  When  do 
we  know  lor  sure  that  all  the  hugs  are  out  of  the  software,  and  that  the  system  does  have  a  sufficient  Iwe  nlklcncc? 

It  might  he  useful  to  summarize  the  most  significant  remarks  of  this  presentation  by  staling: 

-  the  aircraft  nf  the  nineties  will  he  characterized  by  upgraded  aircraft  of  the  eighties  ami  even  seventies. 

-  electronics  and  avionics  dominate  aircraft  improvements  during  the  coming  decade. 

-  he  who  most  controls  the  frequency  spectrum  stands  the  best  chance  of  winning  a  potential  conflict. 

-  the  best  beyond  visual  range  capability  murks  the  winner  of  an  airbattlc. 

Tn  tiiuili/.c  this  address,  genii. ’men,  calculation  power,  computer  models  and  improver!  eonummi  eat  ions  live  the  hands 

•  it  investigators  in  order  to  concentrate  on  more  refined  objectives.  ( in  the  other  hand,  emerging  technologies  provide  a  much 
more  detailed  impression  of  human  skills  like  seeing,  hearing,  die  use  of  language  and  likely  artificial  intelligence.  indeiUifviiig 
the  latter  as:  “learning  by  experience".  Inciting  experiences  lav  in  front  of  us  and,  toquotc  a  (  liinese  phrase:  "li  >coplc  do  not 
anticipate  the  future,  they  very  soon  have  to  take  care  to  today'*. 

It  has  been  an  honour  for  me  to  have  addressed  this  audience  that  will  make  all  those  miracles  come  true.  I  wish  you  all  a 
I  mil  I  ill  Symposium. 
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SUMMARY 

< 

The  paper  reflects  gome  results  of  preliminary  feasibility  considerat  ions  fur  a  next, 
generation  space  based  multi-mode  SAR/tSAH  system.  Key  element  of  next  generation  HAR 
systems,  as  currently  designed  for  future  remote  sensing  applications,  is  the  active 
phased  array  antenna.  Based  on  this  antenna  technology,  some  new  operational  modes  are 
discussr.’,  whic*  currently  <  not  and  alsu  In  .the  PnS-l  i.ra  wi  i!  not  be  available  In 
earth  observation  from  space , ^Yhry  include  ! 

*  Wide  swath/medium  resolution  SAH  mode 

*  Narrow  swath/high  resolution  SAH  mode 

*  Squinted  SAR  mode 

*  Very  high  resolution  Spot l iqht/mul t i  beam  mode 

*  Moving  target  MTI/I8AR  mode 

The  paper  addresses  different  beam  pointing  techniques  (mono-beam,  multi-beam  in  azimuth/ 
elevation)  for  strip  mapping  SAH  modes  as  well  as  for  MT1/ISAR  modes.  Ha  Kit?  requirements 
for  selection  of  orbits  are  also  discussed.  The  MTI  ISAH  mode  intended  to  detect,  and 
possibly  classify  from  space  clusters  of  fast  moving  small  targets  against  the  clutter 
background  of  the  earth  surface  prahably  constitutes  the  highest  risk  m  1 erms  c » f 
requirements  for  onboard  real  time  processing  capabilities,  pointing  accuracies  and 
coverage  .  For  all  modes  some  basic  system  parameters  arc  given. 

1.  INTRODUCTION 

A  new  generation  of  space  based  remote-  sensing  systems  is  under  consideration  in  diffe¬ 
rent  European  countries  as  well  as  in  the  US.  Besideit  the  "classical"  microwave  instru¬ 
ments  (radiometers,  scat terometers ,  SAR)  passive  multi-channel  scanning  dev  fens  in  the 
visible  and  IR  region  and  imaging  spectrometers  as  well  as  active  optical  i  nst.  nuivrit.  h 
like  laser  systems  and  backseat toring  Ildars  for  monitoring  the  environment  art*  currently 
designed  and  developed.  In  parallel  advanced  multi  sensor  image  processing,  data  fusmii 
and  change  detection  concepts  for  application  on  ground  and  possibly  In  spare  am  also 
under  development.  In  addition,  future  remote  sensing  last,  rumeritat  ion  ih  liivuhI  i  gal  oil  by 
ESA  for  deep  space  missions  e.g.  tot  autonomous  probes  to  image  cornel  n,  asteroids  "i 
other  extra-terrestrial  bodies. 

The  development  in  Europe  is  driven  by  different,  programs  t  KOPP  and  TUI’  (ERA),  KH  I’ll  IT  II 
(CEO,  EUREKA  and  several  national  programs.  It  Lm  obvious  that  those  l  cchno  logics  may 
and  will  support  future  apace  ;iased  earth  obsrrvat  ion  and  reconna  insane*?  systems  .in  well. 
Due  to  their  all  weather  and  ray /night  capabilities  microwave  imaging  techniques  play  .in 
important  role  in  earth  obse  vatiun- 

The  Udjor  milLHtorK!  in  t.hi*  area  is  ESA's  ERS-1  satellite  scheduled  Cor  launch  in 
199U.  However,  due  to  its  severe  constraints  and  therefore  very  limited  eapahilit  ich 
KHS-L  is  nut  cons Ldered  as  a  technological  candidate  for  a  future  europeun  space  based 
observation  system.  The  next  generation,  currently  designed  fur  the  post  MRS- l  era  and 
the  Polar  Platform,  differs  radically  from  previous  designs  due  to  the  availability  of 
space  based  active  phased  array  untonn.jH.  This  t.eclmo I ogy  allows  for  antenna  beam  poin¬ 
ting  and  beam  width  control  b.  judicious  select  ion  of  phase  and  amplitude  weight  i  rig  (or 
the  t  ransmi  t  /  rece  i  vu  (T/2H)  modules,  This  in  turn  allowH  the  deficit  ion  and  i  emu  f  i  gu  ra  - 
t.  ion  of  new  operational  modes  in  addition  to  the  uhuu 1  broad- ide  strip  mapping  mode  wilh 
fixed  swath  width  and  resolution  (11  121.  A  number  ,»f  benefits  may  hr-  derived,  direct  |y 
related  t.o  the  uue  of  active  phased  arrays  • 

-  Electronic  beam  steering  in  elcv.it  lun/azumit  h  for  different  coverage  modes 

Programmable  antenna  patterns  for  sidclobc  .ind  nadir  ret  urn  suppression  for  each  [min¬ 
ting  direction 

Adaptive  cancellation  of  sidelohe  jammers 

Increased  redundancy,  reliability  and  life  t  l me  due  to  the  avoidance  of  high  power 
concent,  rat.  ion  as  in  classical  "single  point  of  failure"  designs 
It  is  obvious  that  multi-sensor  imaging  systems  with  high  resolution  under  all  weather 
day /night  operational  conditions  result  in  increased  data  rate  requ  i  reinent  s .  Therefore, 
in  classical  system  designs,  a  trade-off  between  swath  width,  resolution,  available  power 
and  other  platform  resources  leads  to  a  compromise  to  solve  the  dilemma.  In  next  genera¬ 
tion  Byntens  the  potential  of  redundancy  reduct  ion  techniques,  to  tie  performed  on  board, 
will  be  used  tri  reduce  the  effective  data  rate  of  the  nysteni  thereby  decreasing  the 
requ i rements  of  the  data  link,  additional  data  tela  satellites  or  on  board  data  m co¬ 
ding  devices.  However,  work  in  this  area  1151  indicates,  that  the  possible  savings  by 
optimal  encoding  schemes  may  not  bi»  too  large,  since  the  SAH  source  entropy  i  n  most  rases 
will  not  be  too  much  less  t.he  maximum  possible.  The  advanced  concepts  of  ori  hoard -on 
ground  real  time  processors  (parallel  processors,  binary  opt  ich  (121)  currently  under 
consideration  will  provides  more  degrees  of  freedom  for  the  design  of  future  systems  and 
ground  segments. 

Due  to  the  enormous  cost  for  the  deve lopment  of  these  technologies  and  their  inlir-ienl 


mil  1 t. 1  -mode  operational  capabi  J  it.iea  the  next  generation  systems  could  be  designed  as 
"  loint  H»‘rvH’«'n"  Hy«t.f  mn  serving  t.  he  needn  of  both  the  civil  remote  sensing  as  well  as 
t  hr*  mi  1  1 1  «i  ry  ■*  |n  1 1  it  i  ea  1  user  common it  lea  , 

In  l  In*  following  the  feasibility  of  a  next  general  ion  space  hatted  mult) -rondo  SAR/1SAH 
system  ih  discussed  ,ind  preliminary  dcHign  considerations  are  ref  loot  tel. 

2.  GENERAL  SYSTEM  CONCEPT 

Although  the  definition  of  a  system  concept  require.!  carol u I  analysis  of  the  user  re- 
guirementu  we  can  identify  some  basic  operational  modes  sufficient  to  cover  most  applica¬ 
tions*  They  include: 

*  Wide  swath/ medium  resolution  SAR  mode 

*  Narrow  sw.ith/high  resolution  SAR  mode 

*  Squinted  SAR  mode 

*  Spotlight  SAH  mode 

*  MTI  or' I SAR  mode 

The  first  two  are  regular  strip  mapping  modes  with  fixed  broadside  antenna  pointing, 
While  the  first  mode  assures  global  coverage  the  intention  of  the  second  mode  is  to  image 
special  areas  of  interest  whose  position  is  known* 

The  third  mode  is  of  the  fixed  pointing  typo  also,  however  the  antenna  pointing  direction 
in  azimuth  is  no  longer  perpendicular  to  the  mint  but  squinted  by  a  positive  or  negative 
angle.  This  could  be  of  interest  in  a  multi  jammer  environment  to  look  through  the 
individual  jammers.  Another  advantage  of  this  mode  could  be  a  ’'mapping  ahead”  capability. 
This  would  enable  the  system  to  switch  to  f.ho  high  resolution  mode  during  the  same  pass. 
In  the  Spotlight  SAR  mode  the  synthetic  aperture  length  (~  coherent  integration  time!  is 
drastically  Increased  by  pointing  the  high  gain  antenna  to  the  small  area  of  interest 
during  the  fly-by.  If  proper  azimuth  processing  lb  applied  to  the  data  Lhe  resulting 
azimuth  resolution  is  improved  according  to  the  increased  aperture  length.  Range  resolu¬ 
tion  is  determined  by  the  time-bandwidth -product  in  range  a*<  in  any  other  convenmt ional 
SAR  system.  Since  the  ultra-high  resolution  Spotlight  mode  covers  a  small  area  of  special 
interest  only  (for  example  a  20  km  x  20  km  illuminated  patch)  it  is  commanded  by  one  of 
the  survey  modes  to  "lock  on"  to  the  specific  area  to  be  Imaged. 

The  MTI /I SAR  mode  is  dedicated  to  the  detection  and  possibly  imaging  of  moving  targets, 
which  could  in  principle  be  ground  targets  or  other  moving  objects  with  a  velocity 
component  relative  to  earth.  The  fixed  targets  (-  ground)  are  suppressed  to  a  certain 
extent.  This  imaging  mode  should  bo  based  on  target,  motion  rather  than  platform  motion. 
It  therefore  needs  as  much  a  priori  knowledge  on  the  specific  targets  as  possible  from 
other  miloH  in  order  to  Image  them  with  high  resolution. 

The  definition  oT  .in  orbit  is  a  complex  process  since  it  affects  not  only  the  design  nf 
the  instrumentation  but  also  the  coverage  and  repetition  cycle  fur  Lhe  observation 
system.  It  is  also  dictated  by  the  availability  and  position  of  ground  hl.it  ioiih  mm  well 
as  a  data  relay  satellite,  if  available.  Obviously,  orbit  selection  is  mainly  il  riven  by 
user  requirements,  which  in  turn  are  not  yet  established.  The  paper  therefore  focusses  on 
instrument  feasibility  based  on  simplified  orbit  assumptions  i 

■  lew  altitude  omit  i  Inclination  --  6U  '  ,  altitude  --  1000  km 

*  high  altitude  orbit  i  inclination  =  30  *  ,  altitude  *  !)000  km 

*  equatorial  orbit  i  inclination  =  0  *  ,  altitude  -  0371  km 

one  of  the  basic  questions  is  to  define  an  orbit  satisfying  the  requirements  of  the  dif¬ 
ferent  modes.  A  thorough  feasibility  analysis  has  also  to  consider  the  time  uchndule,  i he 
available  launcher,  the  satellite  platform  for  accommodation  and  the  resources  available 
for  the  instrumentation.  The  current  understanding  is  based  on  the  results  of  the  Advan¬ 
ced  SAR  feasibility  Study  performed  by  the  MHB/’I hnmsun-OHF/^anad i an  Ast ronaut  ios/US 
Consult  team  for  ESA  in  l ‘IBB  11  1(2).  With  respect  to  the  given  time  frame  for  implement.t- 
t  ion  the  AK1ANE  IV  was  chooaen  as  launcher  and  the  extended  ..ROT  Huh  /ASTRO  Hum  as 
platform.  They  are  considered  as  bane  line  for  the  current  paper. 

3.  HIGH  RESOLUTION  RADAR  IMAGING  MODES 

High  resolution  imaging  modes  have  to  be  discussed  in  two  dimensions!  along  t rack  and 
cross  track  (range).  A  fine  resolution  in  the  along  track  direction  is  achieved  by  means 
of  the  nynthetic  aperture  principle  (SARI  ami  in  range  direction  through  a  short  pulse. 
Ah  it.  is  not  possible  to  transmit  the  required  power  during  the  pulse  duration  equivalent 
in  the  dcBircd  resolution  a  long  coded  pulse  ia  transmitted  and  compressed  at  reception. 
heMign  considerations  will  be  given  in  the  along  l rack  direction  first  and  then  methods 
t>*  achieve  high  range  resolution  will  be  diHciiMsed  afterwards. 

3.1  High  Resolution  SAR  Modes 

In  the  simplest  case  high  along  track  (azimuth)  resolution  is  achieved  by  using  .in 
antenna  as  short  as  possible  in  the  along  track  direction,  collecting  a  large  number  of 
return  echos  and  processing  these  according  to  the  regular  SAR  priciple  (tig.  la).  Due  to 
the  very  short  antenna  (fur  example  1  m)  very  high  Doppler  frequencies  are  generated 

which  have  to  be  sampled  adequately.  For  a  spacecraft  in  an  altitude  of  1000  km  pulse 

repetition  frequencies  of  more  than  20  kHz  would  have  to  be  used,  resulting  in  a  too 
short  range  observation  time  or  swath  width  in  range.  Extreme  problems  with  pointing 

accuracy  in  elevation  and  timing  accuracy  in  range  would  have  to  be  solved.  In  unfavoura¬ 

ble  cases  the  radar  may  even  not  he  able  to  image  the  target  because  of  t.  ransroi  t  /  r»»ce  i  vc 
interference*.  Also,  as  the  antenna  dimensions  are  reverst?  to  the  normal  case,  this  kind 
of  antenna  const  met  ion  is  incomp.il  i  b  1  e  with  other  modes  (Table  l). 

Mince  phased  array  radars  have  been  used,  another  method  of  achieving  a  high  along  track 
resolution  has  been  introduced,  called  Spotlight  HAH.  in  thin  case  the  required  synthetic 


aperture*  is  gene rated  by  sguintmg  the*  rint. pnna  beam  toward*  tho  target  while  the  radar  in 
panning  by  on  it. h  normal  track  (Fig,l  b). 


rig.  1  High  Resolution  Concept h  In  Azimuth 

a)  Regular  SAM  b)  .Spotlight  HAH  C )  Multibeam  HAH 


critical  parameters 
are  underlined 

1  High  Res  SAN 

Spot.  1  icjh  t 

Multi  Beam 

PRF 

high 

low 

low 

Data  Rale 

high 

low  1 

high  2 1 

Strip  Map 

cont 1 nuouB 

discontinuous  , 

continuous 

SNR 

good 

good 

marginal 

Peak  Power 

moderate 

moderate  , 

high 

Beam  Point ing  Hegu  .  az 

low 

high 

low 

i'9 

high 

low 

low 

Data  Window  Pos  Tolerance 

c  r  1 1 .1  ca  1 

high 

high 

Processing  Requirements 

high 

moderate 

high  il 

Made  Sequencing 

difficult  t i 

possible 

possible 

Special  problems 

1)  antenna 

2)  complex 

dimensions  not 

multi  channel 

compatible.'  witli 
other  modcH 

receiver 

Table  1  !  Comparison  «>f  high  rear*  I  lit  ion  HAH  modes 

Am  t  he  antenna  beamw  tilth  in  the  along  track  directum  iM  in  tho  Maine  order  of  magnitude 
uh  the  achievable  pointing  accuracy,  problem*  only  have  been  shifted.  with  t. hie  kind  of 
HAH  it  ih  namely  only  guaranteed  that  one  liitn  a  target  but  not  necessarily  the  wanted 
target.  Another  disadvantage  jh  that  the  mapping  process  in  d  j  scont  i  nwoun . 

(•round  hawed  multi  beam  radars  exist  since  many  years  and  airborne  multi  beam  phased 
army  radars  are  in  urn?  for  some  time.  For  space borne  remain  Menuing  satellites  phased 
.irray  radars  are  under  consideration  and  will  be  launched  in  JliSl/‘iJ.  However,  these 
systems  will  achieve  a  resolution  of  ri  m  along  t  rack  ami  U)  in  in  Minin  on  ground  only, 
For  better  resolutions  either  systems  as  described  above  have  to  be  usid  with  all  their 
d  i  sad  vantages  or  a  new  technique  has  to  be 
introduced  in  space,  one  rjolution,  .is  de- 
Hctihed  mi  (21,  is  to  implement  the  well 
known  multi  beam  phased  array  radar  oh  shown 
in  F i g .  I  c  and  Fig,  2 .  The  ba s ic  pr 1  nr i p 1 r 
1b  for  i  xumple  described  in  (141, 

In  mu  1 1  i  imam  radars,  as  in  convent  Iona  I 
phased  array  radars,  the  b*.c  kscatt.errd  sig¬ 
nals  from  t  hi*  individual  radiating  elements 
are  first  amplified,  llut  then  instead  of 
being  coherently  added,  the  individual  sig¬ 
nals  ore  split  into  M  equal  parts.  Each  of 
t  heMe  signals  i«  then  I'liase  shifted  accor¬ 
ding  to  geometrical  laws  m  order  to  form 
their  own  special  beam  after  coherent  uddi- 
t  inn.  If  the  system  has  been  properly  de¬ 
signed  Uu*  h  1  gna  1  -I  o-nul  so  ratio  (  HNH  )  oT 
all  beams  is  the  Ha  me  as  in  a  normal  phased 
orioy  radar  and  all  beams  are  contiguous. 

With  respect,  to  a  SAM  application  the  advan¬ 
tage  of  this  complicated  radar  lien  m  the 
foot  that  a  wide  swath  continuous  strip  map 


Fig,  2  Simultaneous  post  amp  1 1 f i e r  multi 
beam  formation  using  array  antenna  1141 


with  an  M  times  finar  along  track  resolution  <  <  0.5m)  can  be  achieved  without  the 
extreme  pointing  problemw  and  d iHcont i nuit inn  of  the  above  described  SAM  prinriplon*  Any 
not  too  large  mi  sal i qnmout  is  compensated  for  by  a  reasonable  swath  width  in  elevat  ion, 
arid  in  the  along  track  direction  this  only  means  a  slight,  (unrrit  mal)  shift,  in  t  t.me . 

The  problems  are  the  complexity  and  data  rate  of  the  radar  system.  Instead  of  having  pint 
one  beam  forming  network,  M  networks  have  to  be  implemented  ami  operated,  if  we  take  l he 
regular  SAR  high  resolution  concept  of  Fig.  la  as  a  basis  and  want,  to  relax  the  elevation 
pointing  problems  by  widening  the  swath  by  a  factor  of  N,  the  SNR  has  worsened  by  a 
factor  N*.  Therefore  In  order  to  keep  up  a  comparable  RNR  we  have  to  implement  M  N* 
beams.  The  data  rate  only  increases  by  a  factor  of  N.  tf  M  becomes  unrealistic  a  propor¬ 
tionally  higher  amount  of  power  has  to  be  transmitted  instead. 


In  elevation,  beam  forming  and 
range  resolution  are  indepen¬ 
dent  from  each  other.  In  most 
cases  a  single  beam  is  used 
(Figure  3  a>  with  variable 
depression  angle  (elevation 
scan).  Only  when  a  very  large 
swath  width  is  required  (survey 
mode).  N  beams  might  be  req¬ 
uired  ( Figure  3  b>.  tf  the 
beams  are  generated  in  a  time 
shared  manner  <  Hi.' AN  HAH)  then 
the  maximum  observation  time  on 
the  target  and  there  fori.1  the 
along  track  resolution  are 
degraded  by  a  factor  of  N. 
Simul Laneous  multiple  beams  in 
elevaL  Lon  should  only  be  used 
if  there  is  no  other  way  t.u 
achieve  the  required  BNH,  as 
the  antenna  gain  increases  with 
the  number  of  elevation  beams  N 
for  the  same  swath  Width. 


a)  h) 

Fig.  i  Coverage  in  elevation 

a)  monoheam  h)  SOANHAR 


The  resolution  in  range  is  in  the  first  place  proportional  t.u  the  nnjn.il  bandwidth.  This 
means  that,  it  is  desirable  t.o  transmit  in  as  high  bandwidth  ah  possible.  There  are 
several  waveforms  which  are  suitable  for  h .  gh  range  resolut  ion  lad.irs,  I  i  ke  i  linear  FM, 
rim-linear  FM,  phase  coded,  complementary  coded  and  burnt  wavefoinm.  On  I  ho  other  hand 
the  PNR  is  proportional  to  the  receiver  bandwidth.  The  best,  compromise*  are  either  a  high 
bandwidth  linear  FM  (chirp)  on  transmit,  with  der  imp-on- i*er*e  ive  (stretch)  nr  stepped 
frequency  transmission  with  pulse  integration  on  receive.  Advantages  and  d i MndvatageH 
with  respect  to  a  standard  high  bandwidth  linear  Ft»»  transmission  and  pulse  compress  i  on 
are  compared  in  Table  2. 

As  the  swath  width  of  a  stepped  f rcqucncy  system  is  only  a  few  hundred  meters  lias 
waveform  is  thought,  to  be  applicable  only  for  a  few  sped  a  I  appl  i  cat.  ions . 

In  t. he  following  Table  3  the  performance  of  a  pulse  compression  /  synthetic  aperture 
radar  is  shown  for  point,  targets  for  the  same  system  at.  two  different  ramies  of  1000km 
and  5000  km. 


critical  parameters 

chirp  / 

chi rp  / 

are  underlined 

pulse  compression 

de ramp- on -rece i ve 

Instant,  bandwidth 

high 

mode  rate 

HNR 
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modcr.it  e 

ADC  rate 

high 

mode  rat e 
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n/a 
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I  nw 
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modi.* ra  I  e 
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Tabic  2t  Comparison  of  high  range  resulut  inn  techniques 


Range 

/ 

km 

1000 

50  0  0 

Ground  velocity 

/ 

m/  a 

bfaOU 

340  0 

Average  power 

/ 

w 

1000 

Antenna  dimension 

i 

m*m 

10.0  • 

1  .  Il(» 

Radar  cross  sect  ion 

/ 

m' 

1 

Wave  1 engl h 

/ 

m 

0.03 

I.oas«  h 

/ 

dH 

1  0 

SNR 

/ 

nil 

24.2 

t> .  1 

i*  i.  For  forma  rice  of 

a 

pu  1  Hi 

■  compress ion/uynt 

he t  ic  ape 

The  above  eyntem  has  a  simle  look  azimuth  lesolut  ion  of  5m.  A  better  resolution  will  be 
achieved  through  multi  hoam  /  chirp  /  deramp-oh-reccivo.  A  loss  in  antenna  gain  at 
transmit  because  of  an  M-limes  widened  beam  will  Lie  eompimB.ited  through  a  l do ramp-on- 
receive)  st.  recti  factor  of  M,  A  reasonable  figure  for  M  is  10,  This  means  that  this  h\  Mt  em 
is  capable  of  producing  single  look  images  with  resolutions  of  about.  0.5  m  «  0.5  in.  if 


h  I  .int  r.inqr'H  of  mure  than  *S00U  km  .in;  d>*Hir<*d  the  average  transmit  power  Iiuh  t.  «>  hr*  in* 
i-lcaHcd,  but  little  llUplnvemenl  ih  possible  dun  tu  t  ochno  loqicu  1  limits. 

4.  MTI /l BAR  MODE 

4.1  OVERVIEW 

An  imaging  mode  to  detect  and  possibly  classify  moving  objects  ih  of  great  concern  for 
airborne  and  upace  baaed  observation  systems,  since  single  inov  i  ng  targets  or  moving  clus¬ 
ters  are  used  a m  activity  indicators.  Due  to  the  large  amount  of  data  to  be  processed  and 
evaluated  MT1  modea  are  used  as  screening  aids  in  airborne  ruconna iHnance  systems. 
Clunsical  airborne  SAN  MTI  concepts  make  uhc  of  the  positive  or  negative  Doppler  shift* 
generated  by  the  radial  velocity  component  of  moving  targets  aH  observed  by  the  HAM  an¬ 
tenna.  Clutter  suppress  it n  is  obtained  if  the  velocity  component  of  moving  target,  h  is 
large  enough  to  be  detected  outside  the  antenna  main  lobe  spectrum.  However,  these  con¬ 
cepts  suffer  from  the  following  drawbacks  : 

*  alow  movers  are  hard  to  detect  mnoo  the  small  Doppler  shift  keeps  them  within  the 
antenna  malnlobe  spectrum 

*  due  to  the  unknown  velocity  component  the  reference  function  cannot  be  exactly  deter¬ 
mined  and  therefore  dons  not  match  the  individual  targets.  ThiH  causer  a  dcfocuHs ing 
effect  in  azimuth  ( ••  loss  of  resolution  relative  t.o  fixed  targets) 

*  in  the  image  domain  t.he  individual  Doppler  shifts  for  each  moving  target  translate!! 
into  u  corresponding  azimuth  position  shift.  This  has  to  be  compensated  for  if  the 
moving  target,  instantaneous  position  is  t.o  be  determined 

*  fixed  target  feed  through 

If  antenna  azimuth  sidelobes  arc  not  sufficiently  suppressed  ahy  strong  target  is 
moving  through  the  antenna  azimuth  pattern  during  the  pass.  This  means  that  strong 
fixed  targets  appear  in  the  MTI  image  as  false  moving  targets  thereby  confusing  the 
MTI  evaluation  process  (either  man  or  algorithm). 

Home  of  the  drawbacks  are  subject  to  improvement,  due  to  implementation  of  a  h<>  called 
post,  detection  logic  after  the  Doppler  filteir  bank  In  improve  t.he  detection  capalnlit  h>h 
and  to  separate  between  the  true  and  false  moving  targets. 

Due  to  these  Well  known  limitations  of  the  Doppler  filler  approach  advanced  concepts  Tor 
airborne  application  are  under  consideration.  They  include  ; 

*  Monopulse  MTI 

-  Displaced  Phase  Center  Antenna  (DMCA) 

*  Two  Antenna  Concepts  (Interferometer  Approach) 

If  these  concepts  have  been  already  implemented  for  space  applications,  for  example  for 
an  t.*J  reconnaissance  satellite  launched  recently,  in  not  known. 

Another  promising  technique  to  image  moving  objects  with  higher  resolution  is  culled 
Inverse  Synthetic  Aperture  Nadar  (ISAM).  Commonly,  this  term  iH  used  to  refer  to  a 
configuration  where  the  radar  is  fixed  and  the  target  moves  relative  In  the  radar.  A 
special  case  in  this  sense  is  the  imaging  of  rotating  targets  without  transversal  veloci¬ 
ty  components.  In  this  configuration  the  theoretical  cross  range  resolution  limit  ih 
given  by 

Rho  *  Lambda/ 2  •  dfl 

It.  depends  on  the  wavelength  Lambda  and  the  observation  angle  6fl  only.  The  limit  ih 
reduced  due  to  movement  of  the  target  through  many  range  resolution  cells  during  rota¬ 
tion,  if  their  size  ih  comparable  to  the  target  size.  Molar  Format  Processing  or  Extended 
Coherent  Processing  is  therefore  to  be  used  in  order  to  correct  this  effect  I  .(I  141  I ‘"i  I  . 
The  application  of  this  imaging  principle  for  rotating  targets  at.  far  range  was  first 
demonstrated  by  LltlK  (Long  Range  imaging  Nadar)  to  map  t.he;  surface  of  the  moon  and  Venus 

I  3 1  151. 

The  generalization  of  this  imaging  concept  t.o  moving  targets  with  both  rotational  and 
transversal  velocity  component,  s  is  considered  in  a  number  of  papers  10)  171  (HI  I  '•)  I  I  l  ii  I  . 
An  excellent  overview  is  given  by  Aushcrtnun  131.  In  the  literature  main  emphasis  is  given 
to  airborne  and  ground  based  systems.  The  application  of  IHAH  imaging  to  space  based 
platforms  iH  discussed  in  111). 

4.2  MTI /l BAR  CONSIDERATIONS 

In  the  framework  of  the  so  called  European  Defense  initiative  consideration  is  given  to 
ground  and  apace  based  ISAM  systems  to  detect,  and  classify  small  target. h  travelling  at 
high  speed  In  East-West  direction  through  the  a t.hrao sphere  in  Central  Europe.  While  the 
ground  based  ISAR  configuration  looks  more  feasible  due  to  the  available  resource's  and 
fi*pd  geometry  relative  to  earth,  space  based  systems  suffer  from  two  serious  drawbacks  : 

*  very  limited  resources  relative  t;o  ground  based  systems 

*  necessary  compromise  between  coverage  (availability,  number  of  satellite 
platforms  required)  and  suitable  illumination  geometry  (small  radial 
velocity  components ) 

Fig. 4  shows  a  basic  sidelooking  configuration  for  an  ISAM  system  to  search  and  track 
moving  targets  from  space.  This  configuration,  however,  in  not  believed  to  be  feasible, 
since  this  shallow  looking  geometry  suffers  from  poor  sub-clutter  target  detection  capa¬ 
bility  and  motion  through  many  range  resolution  ceils.  If  targets  would  travel  through 
many  thousand  range  resolution  culls  during  the  observation  time  ( "out-of -plane  motion") 
high  resolution  1BAR  processing  would  be  very  difficult  if  not  impossible  to  implement. 
Although  a  geostationary  orbit  would  be  attractive  from  the  1SAR  point  of  view,  two  other 
orbit  alternatives  were  chosen  baaed  on  power  budget  and  ambiguity  considerations  i 

*  equatorial  orbit  with  tangential  look  direction  (Fig.  5) 

*  inclined  orbit  with  perpendicular  look  direction  (Fig.  6) 

Thee®  two  orbit  raodele  eatiefy  the  most  etringent  I8AR  requirement  for  broadside  target. 


beam  oi'uaa  i  ixj  .it  low  radial  velocity  component  a  and  sufficient  coverage/ repet  it  ion  cycle. 
The  equatorial  orbit  provides  for  continuous  coverage  of  the  northern  hemisphere  uaing 
.1 ,  .  . 4  platfnrmH  only.  However*  due  to  the  tangential  look  direction  targets  and  ground 
clutter  may  not  be  Hn.pt'irab  1  e  in  the  t  line  domain*  For  the  inclined  orbit  with  perpendicu¬ 
lar  or  at  least  steep  look  direction  this  separation  could  in  principle  be  done* 


Fig*  4  Basic  Sidelooking  ISAR  Configuration 


Fig.  5  Tangentially  Looking  Hpaceborn*!  ISAR 


Vig.  li  Down  Lotiki 
a)  Hide  Vi 


b)  Track  Mode 

However*  this  orbit  gives  lens  coverage. 
This  means  a  longer  repetition  cycle  or  a 
larger  number  of  platforms,  obviously, 
these  considerations  are  an  important  part 
of  a  trade-off  analysis  to  identify  the 
optimum  system  configuration  satisfying 
the  user  requirements  under  a  given  set  of 
constraints . 

Choosing  the  second  orbit  model  the  basic 
assumptions  arei 

•  Orbital  velocity  b  kra/s 

•  Ciround  track  velocity  3  km/s 

•  Target  RC8  -10...  *1(1  dB/m* 

•  Maximum  radar  range  5000  km 

•  Target  velocity  Mach  3. 5... 7 

•  Radar  frequency  X-Hand 


Spacebar no  ISAH 

b)  Perspective  View 


Two  operational  phases  are  considered  as  necessary  for  an  observation  task  of  this  kind: 

*  Search  modes  Resolution  15  ft  (Fig.  4a) 

*  Track  mode  :  Resolution  (goal)  1  ft  (tig.  4b) 

Uurinq  the  Search  mud**  tlw*  system  should  be  able  to  detect,  clusters  of  fast,  moving  ob¬ 
jects  passing  the  fixed  beam  perpendicular  to  the  radar  1 .08.  8  lower  civil  air  traffic 

could  be  separated  in  the  Doppler  domain  via  filtering  in  the  down  looking  eonf igurat ioti . 


Tli*  •  cruHH  range  resolution  of  15  ft  i«  aHsumcd  to  bo  Muffic tent  for  )Iuh  lank.  Aft.fr 
*lr  I  frt  l  mi  of  <«  turguL  rluHtfl'  tile  system  IH  UW  i  t  {.’ll  J  ric|  to  the  Track  modi'  to  ri'Hii  1  v  f  the 
1. 1  UHt  or  iriio  individual  t  i **i|**t  H  and  perform  o  I >ihh  i  f  i  eat  ion  <>f  Hume  h**  1  <*<•!  **il  t  . *  r>j r ■  t  h 
(h.»H»*d  nn  .1  lhrr.it  ann  I  >*h  I  h  )  by  ini'i'miq  with  .i  ichiiIuI  mil  in  t  hr  urder  of  1  ft  4  This 
requires  tracking  t  hr  target  m  within  >i  certain  t  rack  volume  nviir  .i  Huff leienl  ly  l.irqe 

il  K  ptJC  t  (ilUjlf. 

Range  Parameters/Both  Modes 

The  required  range  bandwldths  arr  : 


Mode 


Hlant  range?  resolution 
Compressed  pulse  width 
Receiver  bandwidth 
Sample  spacing 


Search 

Track 

15  ft. 

1  ft 

30  nn 

2  ns 

33  MHz 

500  MHz 

15  ft 

1  ft 

Since  pulse  comp reus l on  usually  is  done  on  IF  level  the  If /Video  bandwidth  may  be  reduced 
after  compression*  After  quadrature  demodulation  the  Rampling  rate  in  each  channel  ertuals 
the  receiver  bandwidth  (burst  made,  ovui'sarapl  i  rig  •  J).  If  Lhe  maximum  target  Blue*  ih 
am  sinned  as  30  ft  it  is  represented  by  2  range  samples  in  search  mode  and  by  .10  samples  in 
track  mode.  If  the  track  volume  in  range  direction  Lh  set  to  30000  ft  *  10  km  the  number 
of  range  bins  to  be  processed  in  real  time  during  tracking  would  be  31)000. 

In  order  to  achieve  a  satisfactory  power  budget  pulse  compression  by  a  factor  in  the 
order  of  5000  is  required.  Since*  the?  track  volume  is  rather  small  (relat  ive  to  swut.h 
width  in  strip  mapping  mode)  the  l)eramp-on“Hec€*iv«  technique  (8THETCH-HAR)  is  considered. 
I>h  i  ng  a  relatively  Icing  linear  chirp  waveform  on  transmit  the  returns  aie  tie  ramped  nn 
receive  using  a  delayed  replica  of  the  transmit  pulse.  Thereby  the  large  transmit  band¬ 
width  is  reduced  to  a  smaller  instantaneous  bandwidth  by  time  stretching.  Since  time  is 
converted  to  frequency,  range  resolution  is  obtained  by  frequency  analysis  of  the  do- 
ramped  video  signal  (by  EFT,  for  example*.  Thin  range  compression  concept  ih  useful  for 
applications  requiring  high  range  resolution  for  small  Hwath  widths,  Its  basic:  principle 
is  well  known  and  discussed  in  1131,  for  example.  The  basic  relationship  between  the 
bandwidth  before  and  after  deramping  and  the  pulse  length  isi 
B i  r  echo  from  track  volume  t.j 


HMi"  transmitted  pulse  length  ti 

For  a  track  Volume  range  dimension  of  10  km  *  30000  ft  the  echo  duration  .is  b(i,6  ys. 
Assuming  a  STRETCH  factor  ot  5,  the  transmitted  pulse  length  is  5  times  this  value  e,g* 
333  vs.  The  transmitted  pulue  bandwidth  of  500  MHz  (for  the  I  ft  mode)  with  a  FM  rate  of 

1.5  Mlix/|ls  translates  to  an  IF  bandwidth  after  de  ramping  of  1 01)  MHz.  The  t.  ime-bamlw  Hth- 

produnts  are  333  •  500  -  1GC.500  on  transmit  and  3J3  •  100  »  33.300  on  receive.  The 

number  of  data  points  per  return  is  i 

before  deskewing  2  •  H,*  •  (l„<ti>  •  OOi'HJO 
after  deskewing  2  •  Hi*  •  t.j  GtiChO 

This  m  a  data  reduction  of  17  %.  For  unambigouH  range  l he  maximum  PWF  ih  i 
PRPm«H  e  l/(t,*t. »)  1  /400  UH  ..  2500  Hz 

The  sampling  rale,  in  each  channel  is  100  MHz.  The  buffered  data  rate  ih  in  this  ease 

166.5  MBPS  ( for  1  Hit /sample!  or  666  MHOS  (for  4  Rit/sumple) . 

These  enormous  data  rates  are  caused  by 

-  range  resolution  requirements 

-  track  volume  dimension  in  range 

-  word  length  in  ifcQ  channel 

The  reduced  range  resolution  requi rement h  for  search  mode  do  nut  necessarily  call  for  the 
STRETCH  concept,  However,  it  may  also  be  applied  since  waveform  generation  im  assured  to 
In'  digitally  programmable?  (memory  readout  technique,  for  example). 

Azimuth  Parameter ■ /Search  Mode 

In  this  mode  the  system  uses  a  fixed  antenna  beam  looking  down  at  steep  Angles.  The 
targets,  believed  to  travel  in  Fast-West  direction,  pahs  the  beam  with  only  small  radial 
velocity  components,  dependent  on  the  specific  phase  (starting  phase,  midcourue,  terminal 
phase  I .  If  the  satellite  orbit  is  chosen  to  be  traveled  in  opposite  direction,  the  ground 
track  velocity  of  t.he  platform  and  target  velocity  add,  resulting  in  short  aperture 
times, 

For  a  given  cross  range?  resolution  of  15  ft  the  maximum  antenna  length  Ih  30  ft  *  10  in. 
The  required  synthetic  aperture  length  (single  look,  X-Band,  orbit  altitude  5UOO  km)  is 
16. b  km  corresponding  to  an  a speed  angle  of  3,3  mrad  *  0.2*  .  The  effective  velocity  is 
v  3  ♦  1-4  km/s  for  a  Mach  3.5  target  ,  This  means  an  effective  synthetic  aperture  time 
of  16,6/4  *  4  s.  The  Doppler  bandwidth  required  for  15  ft  resolution  is  •  704  Hz  (sihgle 
look  processing).  If  the  power  budget  consideration  allow  to  shorten  the  antenna  length, 
multi -look  processing  may  be  introduced.  Using  luok-t.o-look  comparison  techniques,  infor¬ 
mation  on  the  target  tracks  could  be  derived.  This  in  turn  could  be  used  to  ■  ■  l 

trajectory  prediction  models. 

Elevation  Fa rameters/Bearch  Mode 

The  task  requires  the  observation  of  an  area  extending  over  •  3000  km  in  North-South 
direction.  This  swath  cannot  be  covered  simultaneously  since  it  would  require  unrealistic 
power  resources.  Therefore,  elevation  scanning  with  an  initantaneoua  swath  width  of  *  100 
km  for  each  scan  position  is  assumed.  This  requires  30  elevation  scans  (a  quite  large 


value)  tu  rover  the  total  area  of  interest.  The  elevation  beam  width  will  be  1.14"  in 
thin  ease,  correspond  i  ng  to  an  antenna  height  of  5  ft  .  For  each  scan  posit.  ion  the  aper¬ 
ture  time  m  4  ft  rrmil  t.inq  in  4*30  120  k  for  the  total  scan  eye?  In  to  complete.  During 

the  scan  cycle  tune  platform  and  targets  (Mach  3.5)  move  4  km/*  •  120  a  4(H)  km 

relative  to  each  other  in  Kant -Went  direction  4  30  synthet  i<*  ap«»rt.ur**H)  ,  [  n  nr  tier  not  tn 

loHti  the  targets  azimuth  himiih  i  nij  could  be  necessary.  The  general  guest,  i  on  her#!  ih  how  a 
sufficient  coverage  could  be  achieved  at  all* 

Azimuth  and  Range  Pa rameters/Track  Mode 

After  detection  of  the  targets  (or  target  clusters]  of  by  external  command  the  system 
changes  to  track  mode  to  image  the  target*  with  1  ft  resolution  in  azimuth  and  elevation 
plane.  This  requires  the  individual  target  tu  be  tracked  over  a  certain  aspect,  angle.  For 
an  X-Band  system  and  a  resolution  of  1  ft  this  aspect  angle  is  50  mrad  2.H*.  Tins 
corresponds  to  a  synthetic  aperture  length  of  249  km  for  an  orbit  altitude  uf  50(10  km. 
Based  on  an  effective  relative  plaLf orm-turget  velocity  of  4  km/u  the  apex  Lure  time 
(  -  track  time)  is  62  s. 

If  the  track  volume  dimension  is  defined  as  5  km  x  5  km  x  5  km  a  high  gain  antenna  with  a 
pencil  type  beam  width  of  1  mrad  *>  0.05  1  is  required.  This  would  be  an  aperture  size  of 
100  ft  x  100  ft.  The  fracking  anqle  in  the  plane  perpendicular  to  the  radar  I.OS  would  be 
50  beam  widths  in  this  case,  This  value  probably  is  too  large  due  to  grating  lobes. 
Probably,  the  two  antennas  for  search  and  track  mode  may  bo  combined  into  one. 

The  following  power  budget  consideration  shows  that  tho  antenna  dimension  could  he  re¬ 
duced.  An  other  possibility  would  be  to  use  the  search  mode  antenna  for  track  mode  also, 
however  turned  by  90  1 . 

The  number  of  range  binM  within  the  track  volume  is  5000  m  /  1  ft  *  1.5660*  The  number  of 
radar  pulses  to  be  processed  during  one  track  cycle  of  62  s  duration  is  155000. 
bi.ui.ci  liiu  system  looks  down  at  steep  angles  the  targets  within  the  track  volume  are 
separated  from  the  ground  return  in  the  time  domain,  if  the  PRF  is  chosen  properly.  Since 
the  target-earth  geometry  is  changing  over  the  track  cycle,  the  PWF  has  to  bo  adapted 
accordingly,  so  that  the  radar  transmits  a  pulse  at  tho  same  tune  instant  when  the  large 
ground  return  is  received.  The  main  question  here  is  how  to  achieve  the  enormnuH  pointing 
accuracy  required  tc  track  the  rather  small  track  volume. 

Power  Budget 

The  power  budget  is  considered  not  at  the  receiver  output  (raw  data)  but  in  the  processed 
xtnage,  taking  into  account  tho  considerable  correlation  gain  for  point,  targets.  In  the 
following  table  the  characteristic  parameters  for  each  mode  together  with  the  resulting 
power  budget  are  shown. 

C/N  -  ground  olutter/noise  ratio,  H/N  ■  target  signal /noise  ratio.  The  contrast  ratio 
S/(C+N)  would  apply  for  stationary  targets  on  clutter  background  and  is  given  for 
reference  only. 

The  results  are  shown  in  the  table  below. 


NtlDB 

i  HEAHCH 

L 

TRACK 

THACK 

Small  A.ifcenna 

TRACK 
Turned  on* 

Peak  Power  /kW 

10 

l 

1 

10 

Tranam.  Pulse  Width  1  u* 

333 

333 

113 

3  3.1 

PHF  /  Hz 

2500 

2000 

1000 

2000 

Antenna  Length  /  m 

10  (  JU  ft:  ) 

3U  (100  ft) 

10  (30  ft) 

l  .66  (5  ft  ) 

Antenna  Width  /  cm 

16b  (5  ft.) 

3000  (100  ft) 

1000  (30  ft) 

1000  (30  ft) 

Relative  Velocity  /  m/s 

4C00 

4000 

4000 

41)01) 

Range  /  km 

5000 

5000 

5001) 

5000 

Ref  1 .  Coef  f .  o*  /  dB 

-  20 

-  20 

-  20 

-  20 

Target  KL’S  /  m* 

1  (0  dB) 

U  .  1  1-10  dB) 

o.l  (-10  dH> 

0.1  < -  1 0  dB) 

Wavelength  /  cm 

3 

A 

3 

A 

Noise  Fiqu re /bosses  /  dB 

1  10 

20 

20 

20 

Az  .  Resolution  /  m 

5  (15  ft.) 

0.3  (1  ft  ) 

0.3  (1  »M 

0.3  (l  f 1  ) 

RCVR  Bandwidth  /  MHz 

100 

100 

100 

100 

Average  Power  /  W 

8325 

66b 

333 

6660 

Peak  Antenna  Gain  /  dl) 

52 

69.2 

64.5 

51.9 

C/N  Ratio  /  dB 

-  0.4 

J  A .  3 

0.7 

-11.4 

S/N  Ratio  /  d!3 

11.4 

2  7.3 

14.7  1 

2.6 

H  /  (  C  *  N  )  Ratio  /  dB 

1  6.6 

1  3 .  H 

11.3 

2.3 

Table  1.  Power  Budget  Results 

The  results  indicate  that  from  the  power  budget  point,  of  view  the  Search  and  Track  modes 
could  be  combined  using  the  same  active  phased  30  ft  x  30  ft  array  antenna  with  azimuth 
and  elevation  scanning  capabilities.  Due  to  •  he  assumed  deramp-on- reoe ive  technique  the 
duty  cycle  is  quite  large,  It  should  be  noted,  that  the  three  trick  mode  examples  art* 
based  on  a  ID  times  lower  peak  power,  10  t.  imes  lower  target  ROB  and  10  I  init?s  larger  noise 
f  igure/ losses .  The  latter  fiourn  could  he  attributed  to  dofocuss  t  rig  processor  Iumhcm  due 
to  unsuf  f  relent,  knowledge  of  target  trajectories*  From  the  power  budget  point  of  view  the 
track  much*  looks  feasible  in  general.  The  search  mode,  however,  would  require  H3  kW  lie? 
power,  assuming  an  overall  efficiency  of  11)  * .  This  is  indeed  a  futuristic  value. 


.1  »> 


5.  CONCLUSION 

From  the  preliminary  system  design  considerations  it  may  In*  cone  I  wind  th.it  a  hjmh'  based 
nm  1 1  i  -mode  observat  inn  system  based  on  active  phased  array  ant  ermas  appear h  f  «*.i  h  1 1>  1  «•  t«. 

he  implement  f»d  within  the  next  15  years.  However,  for  the  MTI/IKAH  mode  there  .in*  hoiiouh 
teehntihiyic.il  .md  operational  risk**.  The  main  technological  rink  an  mm  are  believed  to  he 
the  antenna  technology  itself  .ir  well  an  t  he  tea  J  t  ime  (on  hoard)  procoHS  i  nq  I  cr'iiin  i  logy 
necessary  to  handle  the  large  amount  of  data  generated  by  multi. -mode  high  r»*Hn  1  ill.  ion 
systems . 

As  far  as  the  MTI/ISAR  mode  for  an  observation  task  as  discussed  within  the  framework  of 
the  European  Defense  Initiative  is  concerned,  the  extreme  requirements  for  pointing 
and  trajectory  estimation  accuracy  is  believed  to  be  one  of  the  largest.  rinks, 

The  main  operational  risk  for  this  mode  is  the  coverage.  At  present  it  appears  very 
unlikely,  that  the  necessary  number  of  observation  platforms  would  be  available,  to 
guarantee  complete  coverage  of  the  area  of  interest. 

However,  any  further  system  dcBign  considerations  require  careful  ana  lysis  of  the  user 
requirements,  if  they  exist.* 
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ABSTRACT 

The  design  of  a  dual  polarisation  high  resolution  synthetic  aperture  space  based 
radar  is  discussed  which  incorporates  features  which  allow  an  adaptable 
operation  mode  to  be  utilised  for  ocean  or  land  observation.  The  requirements 
for  wide  coverage  for  ocean  observation  of  shipping  at  lower  spatial  resolution 
and  the  requirements  for  smaller  area  coverage  at  higher  resolution  of  specific 
target  areas  in  one  lnatrument  presents  the  designer  with  a  significant 
challenge. 

The  described  instrument  incorporate  dual  polarlBstion  receive  features  with 
selectsble  polarisation  transmit.  Wide  coverage  transmit  beams  are  utilised  with 
a  narrow  steerable  receive  beam  which  follows  the  time  dependent  return  signals 
in  angle. 

The  transmission  of  raw  measurements  to  ground  busid  facliltleH  Is  impractical 
fot  high  resolution  and  the  Instrument  must  perform  on  board  much  of  the 
necessary  data  analysis.  Such  an  operation  ia  now  practical,  if  costly  in  power, 
and  allows  for  ocean  surveillance  the  transmission  of  the  position,  of  possible 
targets  with  a  future  extension  to  more  'intelligent'  analysis. 

The  technology  trade-off's  applicable  to  such  an  Instrument  design  for 
deployment  and  use  in  space  are  examined  and  the  choices  mads  in  recent  work  are 
presented.  With  power,  mass  and  cost  at  a  premium  and  autonomous  operation 
essential,  a  concept  design  incorporating  a  phased  array  with  distributed 
tramsmit/recelvs  modules  with  local  Intelligence  and  an  all  radio  frequency  and 
control  optical  distribution  system  and  control  Bystem  is  examined. 

Hecont  practical  results  on  a  reduced  scale  ground  demonstrator  of  the  design 
of  a  pulse  compression  system  are  compared  with  the  flight  requirements. 

INTRODUCTION 

Space  based  radars  used  for  surveillance  of  activities  oil  or  near  the  Earths 
surface  have  requirements  significantly  different  from  those  used  in  airborne 
or  ground  radars,  In  general,  the  range  to  the  target,  although  very  large,  Is 
known  and  doee  not  have  a  large  variation.  What  id  required  Is  to  image  the 
target  area  and  be  able  to  discriminate  In  the  spatial  and  radiometric  sense 
reflectivity  parameters  of  the  area.  Due  to  the  large  field  of  view  lnatantly 
available  a  large  mapping  area  is  naturally  desired.  Such  radars  will  be  on  a 
moving  platform.  This  restricts  the  time  availible  to  view  an  area,  but  can 
otherwise  be  exploited  as  an  advantage. 

AH  spacecraft  have  a  limited  mass  and  electrical  power  and  thin  tact  above  all 
reetricts  the  designer 'b  freedom  of  choice. 

Communication  between  the  spacecraft  and  the  users  on  the  Earth  In  restricted 
so  It  is  Important  to  pass  to  the  ground  as  finished  a  pr,  duct  oh  possible. 

To  provide  all  requirement  in  one  mode  of  operation  Is  unrealistic  hut  the  radar 
Instrument  may  be  designed  to  fulfil  many  requirements  In  different  time 
multiplexed  modes. 


Modes  to  image  large  areas  of  the  Bea  surface,  which  has  a  known  background* 
provide  a  different  requirement  to  that  of  Imaging  the  land's  surface  in  hiqh 
spatial  resolution. 

A  high  precision  narrow  field  of  view  may  be  considered  which  may  be  steered  t.o 
areas  of  interest:,  whilst  still  incorporating  a  lower  precision  wide  field  of 
view  mode. 


PERFORMANCE  REQUIREMENTS 

Imaging  radars  of  this  type  would  typically  operate  in  a  polar  orbit  of  around 
flGOKm  altitude  which  implies  an  orbit  period  of  near  90  minutes. 

The  ability  to  discriminate  to  10  meters  on  the  Earths  surface  in  a  narrow 
coverage  strip  of  say  50  Km  anywhere  from  250  to  750  Km  from  the  spacecraft 
ground  track  is  practical. 

Alternatively  at  a  resolution  of  {say)  50  meters  a  width  of  4ti0  t<m  may  bo 
examined. 

To  achieve  this  performance  with  a  real  aperture  radar  would  require  a  very 
large  antenna  aperture,  however  the  vehicle  motion  can  be  exploited  to 
synthesise  such  an  aperture , This  synthetic  aperture  radar  together  with  a  pulse 
doppler  real  apurturu  radar  operation  can  bo  combined  to  provide  high  resolution 
both  in  range  and  azimuth  directions. 

The  examination  of  the  return  signals  In  orthogonal  polarisations  can  reveal 
additional  information  -ibout  the  target.  The  reception  equipment  should  thus  be 
able  to  operate  in  two  simultaneous  polar laationa , 

Providing  the  narrow  coverage  area  which  la  rapidly  steerable  imp l leu  a  phased 
array  antenna  system.  A  series  of  defined  wider  beams  can  also  be  provided, 
Since  the  time  of  arrival  of  radar  returns  from  the  Earth's  surface  can  be 
readily  predicted  such  a  radar  may  position  a  reception  beam  appropriately  In 
time  sequence  to  Intercept  t-.he  return,  This  allows  a  narrow  high  gain  beam  to 
be  used,  enhancing  the  link  budget  -mid  significantly  improving  the  rejection  of 
spurious  returns,  To  perform  this  function  a  fast,  control  system  and  fast  beam 
switching  1b  required. 

|0  ItlMtHtt  IN  r.lYittttl 


solutions 


To  provide  solution*  to  these  design  requirements  s  number  of  arses  must  be 
examined  and  an  attempt  made  to  match  current  spacecraft  practice  and  near 
future  developments  in  tho  most  optimum  manner  to  the  overall  requi ramente. 

Geometrical  constraints. 

In  spacecraft  radars  there  are  a 
number  of  constraints  which  are 
derived  from  the  geometry  of  the 
spacecraft  to  ground  dletenoee  and 
anglea.  These,  whan  analysed,  riquira 
a  eyatem  design  which  either  arranges 
the  direct  return  of  tha  transmitted 
pulse  from  the  ground  directly 
beneath  the  epaoeuraft  to  strive 
beck  at  the  epioeoreft  when  it  is 
transmitting  or  provides  a  deep  null 
(  38dP  )  in  the  reoeption  antannr,  at 
that  angle,  furthermore  sines  tha 
system  is  e  sampled  data  eyatem 
enough  samples  must  be  obtained  to 
provide  tha  requisite  ebility  to 
synthesise  a  large  antenna.  This 
restricts  tha  pulsa  repetition 
frequency,  in  figure  1  a  typical 
design  chart  la  shown  relating  tha 
prf  to  tha  available  ground  coverage.  Passible  coverage  areas  are  shown. 

This  example  Is  at  a  B25Km  altitude  for  an  antanna  aperture  of  20  by  2  maters 
using  a  planar  phased  array  consisting  of  500  sub-arrays  aaah  of  which  has  an 
Individual  transmit  ttcalve  module  operating  at  5,3GHs  with  a  transmit  peak 
power  of  low  end  a  pulse  length  of  SO  microseconds. 

Antanna  design 

The  elevation  beamwidth  and  scan  requirements  are  modest  by  most  standards.  A 
scan  width  of  22  daga  and  a  narrow  baamwldth  of  1 . S  dags  define  the  elevation 
aperture.  Beam  control  by  guael-unlform  amplitude  end  phase  exaltation  is 
desired  to  maxlmiee  the  beam  power.  Bine  narrow  beam  patterns  end  more 
controlled  wide  beem  of  up  to  9  digs  suffice,  The  associated  aiimuth  beams  are 
narrow  and  selectable  from  0.1  to  0.S  dags  necessitating  in  antenna  length  of 
20  meters.  Dual  polarisation  is  required. 

In  the  pact,  slotted  waveguide  arrays  hava  been  optimum  for  concentrated  source 
transmitters,  not  only  for  their  inherent  electrical  properties  but  bsoauae  tha 
necessary  waveguides  are  box  glrdsr  structures  which  provide  inherent  etruotural 
msmbere  for  the  array. 

Duel  polarisation  and  distributed  transmitter  receivers  balance  the  choice 
toward  patch  mloroatrip  radiators  for  their  simplicity  of  manufacture  and  their 
relatively  broadband  performance  and  the  ability  to  have  duel  feed  syetems  for 
two  polarisations, 

Such  a  structurally  thin  rf  radiator  provides  a  practical  heat  path  for  tha 
transmitter-receiver  to  be  mounted  behind  the  sntenne  and  still  thermally 
radiate  exceea  heat  through  the  sntenne  which  rarely  points  at  the  sun.  The  rear 
of  the  antenna  panel  is  subjected  to  direct  sunlight  tor  part  of  the  orbit  and 
views  aold  deep  epeoe  at  4K  for  tha  cast  of  each  urblt.  It  has  therefore  to  be 
constrained  not  to  absorb  or  radiate  heat. 

Normal  operation  for  broad  area  operation  is  to  transmit  with  a  wide  beam 
(  around  8  degrees)  and  to  receive  on  a  narrow  beam  of  around  1.5  daga.  This  la 
first  positioned  at  tha  extrema  edge  of  the  expected  return  area  and  than 
stepped  in  time  across  tha  transmit  beam  covaraga  eras  during  the  recaption 
time.  Tha  recaivt  beam  may  bt  broadened  in  angle  when  it  le  away  from  the  edges 
without  degrading  ths  total  ambiguity  rejection  properties  of  the  system. 
Subarraya  for  such  beams  have  been  manufactured  with  gaine  which  ere  measured 
at  18.2dB  compared  with  ths  theoretical  performance  of  19,5  dB  on  single  planar 
substrates  providing  dual  polarisation,  Ths  substrates,  being  extremely  light, 
give  the  promise  of  excellent  full  array  structures  with  gains  cloaa  to  DO  dB, 


Resultant  module  plan 


REQUIRED  POWER, 

The  radiometric  resolution  of  the  final  image  is  dependant  on  the  total,  link 
budget  and  the  number  of  independent  images  that  may  be  averaged.  With  a  modular 
arrangement  one  must  select  the  peak  power  available  from  each  modulo. 
Semiconductor  amplifiers  at  C  band  or  X-Band  frequencies  utilise  GaAa  FET 
devices  to  generate  the  final  output  power.  Such  translators  have  a  power  output, 
dependant  on  the  width  of  the  junction  in  the  device,  dimple  long  gates  suffer 
from  the  degrading  effects  of  the  resistive  and  reactive  effects  of  the  gate  na 
a  transmission  line.  Designers  therefore  produce  multiple  parallel  gate 
transmission  lines  to  reduce  this  effect.  These  are  in  effect  parallel 
transistors.  Within  a  die  this  effect  and  the  low  input  Impedance  resulting 
causes  a  practical  limit  to  the  peak  output  for  a  high  frequency  device  that  can 
be  usefully  used  of  around  seven  to  eight  watts.  The  prudent  system  designer 
therefore  designs  his  ayBtem  for  either  that  power  per  element  or  develops  other 
strategies.  With  only  (say  )  six  watts  per  element  the  total  power  is  severely 
limited  or  a  large  number  of  modules  is  required. 


Current  beam  shape  considerations  require  a  minimum  number  of  modules  to  provide 
the  system  whereas  cost  and  complexity  considerations  provide  an  upper  bound. 

A  balanced  output  amplifier  configuration  has  been  chosen  uslna  five  w att  noak 
power  ampllflerr  giving  a  ten  watt  peak  output  at  up  to  100  mioroseoond  pulse 
length,  An  addition  advantage  of  this  system  is  that  by  driving  one  or  other 
sides  of  the  input  hybrid  outputs  from  tha  amplifiers  to  one  or  other  outputs 
may  be  produced  which  are  direoted  to  the  selected  antenna  polar  last  ion  port 
without  additional  switching,  If  in  the  future  it  is  required  to  increase  the 
power  wo  change  the  output  device  not  the  system  configuration.  Buch  amplifiers 
use  a  drain  supply  which  is  pulsed  to  conserve  energy.  The  quasl-llnear 
operation  allows  tailoring  of  the  transmit  r f  pulse  in  amplitude  if  required  to 
.linearise  the  overall  system.  This  property  la  used  to  allow  a  simpler  and  lower 
cost  system, 

RECEIVER  SENSITIVITY . 

The  total  link  performance  requiies  that  the  receiver  have  a  low  noise  factor, 
The  ability  to  withstand  the  leakage  during  transmit  periods  and  the  desire  L'or 
a  low  consumption  limiter  made  us  consider  tho  use  of  HEMT  transistors  to  give 
a  very  low  amplifier  noise  factor,  allowing  the  use  of  a  simple  active  limiter 
of  only  moderate  performance,  and  a  negligible  associated  power  consumption.  A 
GaAs  switch  is  used  at  the  input  directing  the  leakage  transmit,  power  to  a  load 
followed  by  a  O.BdB  noise  factor  HEMT  amplifier  .  To  simplify  the  matching  £01 
low  noise  and  double  the  umplifier'B  ability  to  absorb  leakage  a  balanced 
amplifier  configuration  is  used  with  a  broad  band  Lange  coupler.  Buch  an 
arrangement  provides  a  total  noise  factor  referred  to  the  input  terminals  of 
around  2dB  and  a  gain  of  l2dB  for  lQOmW  of  total  dc  powei .  The  protection  switch 
can  operate  in  Iubb  that  lOnSecs  which  is  more  than  adequate. 

DOWNCONVERSION  OR  NOT? 

Many  phased  arrays  provide  only  ampi  '  f*  l^Hoii  at  the  carrier  frequency  before 
combination  through  phase  shiftero  of  the  received  uignaln.  Provided  the 
distance#  are  short  and  the  mass  of  the  system  not  critical  thin  is  appropriate. 
The  path  distance  la  however  twenty  meters  and  with  a  foldable  structure  where 
mass  and  power  are  critical,  Downconversior.  with  UaAn  MM1C  elements  provides  a 
solution  providing  three  advantages.  Firstly  conversion  to  frequencies  In  Lhe 
20  to  300  Mils  region  allows  Blmple  conversion  of  the  signals  for  optical 
transmission,  secondly  the  local  oscillator  drive  may  be  phase  shifted  by  the 
same  phase  shifter  that  Is  used  for  transmit  beam  forming  and  thirdly  by  the  use 
of  single  sideband  conversion  tho  need  for  a  input  filter  can  be  removed.  Such 
input  f Liters  are  large  and  expensive  and  arc  difficult  to  make?  compatible  vrllh 
millimetre  d  linens  i*-*"  planar  MrtiC  designs. 

The  downconverter  chip  Is  foiloi  ed  by  If  amplificat  ion  at.  JOOMHz  uuluq  2'jdlJ  gain 
stages  which  have  gain  set  It?  0.4dn  quant  l  aar.  Ion  by  a  controller.  The  current 
leceiver  total  current  Lb  3(J!imA  at  bv,  most  oi  which  in  lined  by  .1  non-opt  Lm Lnod 
downconverter  device.  This  cun  be  improved  by  the  specific  design  oi  thin  Item. 


COMMON  CIRCUITS. 

Central  to  a  phased  array  system  Is  the  ability  to  vary  the  phase  of  the  signal 
being  applied  or  received  from  the  radiators.  For  reasons  of  cost  and  complexity 
it  is  desirable  to  time  share  thin  requirement  between  reception  and 
transmission.  Dus  to  the  small  frequency  difference  (5.3  and  5. OCRs)  between  the 
transmit  signal  and  the  local  oscillator  signal  the  phase  shifter  may  be  shared. 


figure  4  common  circuits  and  phase  shifter 


The  incoming  transmit  algnal  or  the  local  oscillator  drive  signal  is  passed 
through  a  six  bit  differential  transmission  line  phase  shifter  comprising  strip 
lines  on  a  250  micrometer  substrate  switched  by  OaAs  switches.  Hot  only  is  this 
straightforward  and  simple  but  it  provides  an  extremely  fast  switching 
transition  which  is  desirable  for  receive  beam  dynamic  following. 

The  resultant  aignal  ia  amplified  and  switched  either  to  the  power  amplifier  low 
level  stage  or  to  tha  local  oscillator  drive  for  the  downconverter.  In  either 
case  its  level  is  adjusted  by  the  final  amplifier  controlled  digitally  to  give 
s  defined  signal  level  which  ia  able  to  be  selected  for  the  particular  function. 
In  this  way  the  power  amplifier  output  level  which  is  measured  by  a  simple 
detector  may  be  adjusted  to  taka  into  account  large  range  temperature  effects, 
change  of  output  with  life  and  Individual  unit  tolerances.  If  required  the  total 
module  power  may  be  lowered  to  provide  a  measure  >• amplitude  beam  control. 

The  control  system  requires  an  additional  function.  The  control  system  receives 
its  serial  digital  command  bitstream  as  a  amplitude  modulated  5.00hs  aignal 
which  is  demodulated  by  the  common  circuits  and  panned  to  the  control  circuit 

as  a  baseband  signal. 

CONTROL  UgUIRRMBITS . 

Each  TR  module  must  be  autonomous  but  be  synchronised  from  a  central  source.  It 
must  be  capable  of  setting  the  power  connections,  gain  and  phase  of  the  module 
to  pre-stored  values  for  each  of  the  stateB  of  the  module.  Transmission  and  up 
to  thirty  two  different  receive  states  may  be  required  for  each  o £  (say)  sixteen 
different  prf  types.  Switching  between  these  states  is  required  autonomously 
curing  a  prf  Interval  with  timing  quantised  in  200nSec  periods. 

Since  each  module  would  be  far  too  complicated  with  an  absolute  time  standard 
the  internal  clock  in  a  module  is  resynchronised  at  the  beginning  of  each 
transmit  pulse. 

The  performance  ia  achieved  by  a  state  machine  architecture  with  a  crystal  clock 
controlled  by  a  phase  locked  loop  operative  at  the  commencement  of  each  transmit 
period.  The  nerlal  digital  command  pulse  with  a  10  MHe  clock  rale  synchronises 
the  timing  end  carries  the  command  information  to  merely  start  the  transmission. 

A  previously  transmitted  command  massage  has  pre-stored  the  image,  sub-aperture 
and  range  pulse  Information  within  each  TR  module  controller  for  a  period  of  an 
orbit  in  advance.  This  Information  is  specific  to  a  TR  module  and  contains  the 
correction  of  the  required  phase  information  taking  into  account  the 
deterministic  errors  in  the  signal  path  from  the  central  unit  to  that  modules 
radiator  and  back. 

Such  s  control  system  In  a  flight  model  would  be  an  ASIC  emos  device.  In  our 
demonstrator  eyetem  a  elngle  high  performance  DSP  device  is  employed  to  simulate 
the  state  machine  and  the  required  small  leraiconductor  memory. 

Such  highly  integrated  control  systems  provide  significant  advantages  in 
simplifying  the  design  requirements  on  the  analogue  portions  of  the  TR  module 
since  they  do  not  have  to  he  to  e  consistent  absolute  calibration  and  the  design 
can  concentrate  on  the  stability  requirements. 


signal  distribution 


Each  TH  module  requires  during  the  transmit  period  a  low  level  coherent  drive 
signal  containing  the  desired  LF  modulation.  During  the  receive  period  a 
coherent  local  oscillator  drive  signal  la  required.  Command  synchronisation 
signals  are  required  between  prf  periods  which  may  be  binary  bit  streams 
amplitude  modulated  on  the  local  oscillator  drive  signal. 

During  reception  fvo  intermediate  frequency  signals  are  required  to  be 
transferred  to  the  unit  control  where  they  mey  be  summed  with  the  other  TR 
modules'  output. 

This  la  required  to  be  simply  performed  for  500  TR  modules  In  such  a  way  that 
It  is  low  mass  and  ao  that  the  antenna  may  bs  folded  and  deployed. 

Coaxial. 

Thin  coaxial  cablea  may  be  thought  practical  but  even  two  cables  to  each  module 
would  have  a  crippling  mass  penalty  in  a  spacecraft  with  a  20  meter  antenna. 

Optical. 

A  viable  alternative  is  to  transmit  the  drive  signals  to  the  TR  modules  by 
directly  modulating  a  l.SmW  semiconductor  laser  at  the  TR  module  transmit 
frequency.  This  is  practicsl  at  frequencies  of  5GHz.  The  resulting  optical 
signal  ii  split  into  32  ways  by  an  optical  waveguide  splitter  (  a  passive  device 
oi  low  mass  )  and  than  passed  to  the  TR  module  in  s  1mm  external  diameter 
optical  fibre  with  a  mass  of  O.Sgm.m"  .  Sixteen  such  systems  provide  the  full 
array  capability.  At  each  TR  module  a  photodetector  recovers  the  RF  aignal  and 
provides  It  to  the  amplitude  detector  and  phase  shifter. The  fibres  are  randomly 
distributed  to  ensure  that  a  failure  dots  not  disable  e  specific  part  of  the 
antenna  array. 

In  the  return  path  for  the  intermediate  frequency  signals*  power  Is  more 
critical!  lasara  ara  impractical  due  to  their  support  circuitry  but  for  the 
lower  rf  frequency  Light  Emitting  Diodes  (LED's)  can  be  used.  Each  if  directly 
modulates  a  LED  producing  around  20  microwatts  of  optical  power.  One  channel 
produces  a  wavelength  of  830nm  and  the  other  1300nm.  These  are  combined  by  en 
optical  multiplexer  and  passed  down  a  20  meter  fibre  to  the  central  unit  where 
they  are  combined  in  successive  optical  combiners  of  16il,16il  and  2 i 1  ratios. 
The  dual  wavelength  signals  ars  than  separated  by  an  optical  filter  and  the 
resultant  signals  detected  In  Avalanche  PIN  photodiodes  before  being  amplified 
In  the  usual  manner, 


figure  5  Optical  distribution  of  rf  and  control  Bignaln. 


transmission  is  very  phase  stable,  able  to  be  folded,  usen  connectorless  fused 
Junctions  and  is  predictable  in  performance. 

Such  a  system  has  been  designed  an  built  for  use  in  a  demonstrator  to  verify 
the  link  budgets  of  a  SAR  spaceborn,  imager. 

PRIMARY  POWER. 

The  primary  power  in  a  spacecraft  is  derived  from  batteries  during  operation 
when  the  sun  is  in  eclipse.  For  a  full  availability  syntem  sufficient  energy 
must  be  stored  from  photovoltaic  cell  systems  during  Bun'light  to  ensure 
availability  dur.ng  spacecraft  darkness. 

Significant  power  ia  required  for  space  radars  and  a  choice  has  to  be  made 
between  deriving  the  secondary  Buppllss  for  the  distributed  element  centrally 
or  at  the  point  of  use.  The  low  voltages  and  the  current  required  predicate 
local  power  conversion.  To  avoid  high  mass  and  significant  resistive  loss  a  high 
voltage  dc  bus  lj  used  between  the  primary  Bource  and  the  local  power 
conversion.  Semiconductor  switches  able  to  handle  the  higher  voltages  of  a  200v 
dc  bus  are  now  available  for  the  spacecraft  user  and  can  be  incorporated.  This 
permits  a  low  mass  solution.  The  alternative  of  a  high  voltage  bus  at  (say) 
20KHa  ac  transformer  coupled  to  the  loads  cannot  be  dismissed  but  presents 
problems  due  to  the  non  uniform  power  requi remrnts  of  the  local  converters. 
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The  current  designs  of  point  of  uae  power  unite  operating  with  megahertz 
frequency  do  to  dc  converters  for  the  automobile  industry  show  that  zero  voltage 
awitching  converters  with  synchronous  rectification  provide  excellent  efficiency 
coupled  with  very  small  mass  and  volume  of  an  order  not  obtainable  a  few  yearB 
ago. 

Such  design  methods  allow  a  TR  module  power  unit  for  a  modest  seven  watte  to  be 
readily  designed  with  the  appropriate  charactarlet ice  and  in  a  technology  which 
lm  compatible  with  high,!  by  spacecraft:  standards),  production  volume, 

Coupled  with  appropriate  fall  protection  input  circuits  such  modules  may  be 
attached  to  ■  200 v  dc  supply  In  a  queei-etar  connected  system  which  providee 
adequate  reliability. 


Radar  signal  generation 

Pulse  doppler  systems  of  thia  type  require  bandwidthe  between  10  and  52MHz  to 
provide  the  required  range  resolution  due  to  the  varying  incidence  angle  of  the 
beam  with  the  Earth's  surface.  Individual  beams  should  be  optimised  for  their 
bandwidth. 

Corralstion  betwaan  transmit  and  received  signal  by  surface  acoustic  wave 
trtnevereal  filters  is  a  preotical  and  epperantly  low  powar  method  but  usually 
require  temperature  control  of  the  filters  which  mitigatea  against  any  low  puwer 
properties.  Recent  designs,  with  direct  digital  generation  of  I  and  Q  baseband 
transmit  aignale  which  are  modulated  on  to  the  carrier,  allow  arbitrary 
waveforms  to  be  produced  end  are  much  more  satisfactory,  permitting  instantly 
stable  waveforms  to  be  generated.  A  significant  additional  benefit  la  the 
ability  to  pre-dlstort  the  transmit  waveform  to  counteract  any  phase  or 
amplitude  distortion  present  in  the  combined  transmit  receive  path. 

Such  systems  rsquira  high  spaed  low  power  d-a  and  a-d  converaion  and  20nSec 
cycle  time  low  powar  semiconductor  memoriae.  Such  systems  have  now  baen 
demonstrated  with  50  MHz  sampling  and  40  MHs  bandwidth  and  allow  fast  versatile 
pulse  doppler  systems  to  be  used. 
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figure  6  Digital  LPM  generation  and  correlation 


Direct  digital  correlation  to  compress  the  pulse  can  be  credibly  designed  at 
lower  speeds  using  specific  VLSI  devices  in  SOS  emoa  designs.  Current 
demonstrators  use  3  micron  devices  but  with  evolution  to  1.2  micron  array 
devices  in  the  future  the  higher  bandwidth  may  be  correlated.  Currently  only  12 
MHz  systems  have  been  built  at  spacecraft  power  consumption  levelB, 

Instrument  control 

Such  radars  require  central  control  with  time  quant i sat  ion  of  the  order  of 
lOOnSecs.  In  the  past  control  has  been  performed  by  multiple  microprocessors 
which  have  operated  with  microsecond  or  greater  instruction  times  arid  therefore 
the  purely  radar  control  has  had  to  be  performed  by  conventional  logic.  This  has 
been  a  hindrance  to  simple  control.  Modern  fast  Digital  Signal  Processor  devices 
have  instruction  tlmeB  of  the  order  of  luonseen  and  allow  meat  of  the  'glue' 
logic  to  be  dispensed  with  and  allow  complex  fast  operations  to  be  held  in 
program  memory . 


ANALYSIS  ON  BOARD 


The  raw  signal  return  after  digitisation  nay  be  digitally  processed  to  give  the 
range  compressed  result,  at  the  required  bandwidth,  by  digital  correlation  using 
specific  crnos  devices  of  low  power.  This  can  provide  the  required  range 
resolution. 

The  generation  of  the  synthetic  aperture,  usually  for  more  than  one  independent 
Image  to  allow  subsequent  simple  averaging,  is  a  similar  operation  but  although 
the  input  data  rate  is  slower,  it  le  much  more  aomplex  due  to  the  sixe  of  the 

data  set. 

Until  recently  it  would  not  have  been  considered  for  on  board  implementation 
since  it  would  not  reduce  the  data  rate  to  the  ground  unless  multiple  images 
could  be  performed.  Advances  in  devices  allow  ua  to  consider  on  board 
implementation  which  can  reduce  the  resultant  data  rata  to  the  ground  but  more 
significantly  allow  examination  of  tha  image  on  the  spacecraft  and  simple 
analysis  to  be  performed  with  the  analysis  result  or  the  result  and  a  small 
image  of  the  relevant  ares  to  be  transmitted  thereby  vastly  simplifying  the 

?  round  task  and  opening  the  way  to  near  tactical  use  of  the  data  particularly 
or  ocean  observation. 

The  technical  area  most  critical  for  this  operation  ie  the  power  consumption  of 
relatively  fast  semiconductor  memories  which  predominate  in  the  power 
consumption  of  such  real  time  azimuth  processors. 


RF.3ULTANT  OVERALL  SYSTEM 


RESULT  AMT  OVERALL  PERFORMANCE 
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Operating  Frequency 
Transmit  bandwidth 
Pulse  length 
Pulse  lepltion  frequency 


5.30H* 

52MHZ 

100  microBtcondB  max . 
900  to  2000  Hz 


Peak  transmit  power  5KW 

Receive  noise  factor  2dB 


Antenna  beam 
max  gain 

elevation  beamwidth 

azimuth  beamwidth 
or 


50dB 

1.4  deg  minimum 
e.B  deg  maximum 
0.14  deg 

0.28  deg 


beam  steerable  in  elevation  over  22  degs 

and  in  azimuth  over  l.S  degrees 
overall  dimension  deployed  20  by  2  meters 


Compressed  receive 

pulse  width  24  nSecs 

point  impulse  function  on  ground 

with  -4dB  widths  of  10  by  10  meters  minimum 

primary  power  at  2onv  dc  2.9  to  3.9Kw 


i  CONCLUSIONS 

|  Future  surveillance  spacecraft,  for  civilian  or  military  use,  will  have  to  be 

designed  with  a  high  degree  of  adaptability.  The  requirements  for  adaptability 
and  low  coat  are  equally  required  in  the  civilian  and  the  military  field. 
Systems  of  limited  scope  and  performance  will  not  be  acceptable.  We  have  tried 
<  in  this  paper  to  give  one  example  or  a  radar  design  which  allows  adaptability 

both  during  the  design  and  build  stage  and  also  in  its  operational  use. 
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ABSTRACT 

The  design  of  a  coherent,  frequency  agile  94  GHz  radar  frontend  Is  reported.  This  radar  Includes 
features  like  pulse  to  pulse  frequency  aqillty  In  steps  of  10  MHz  within  a  bandwidth  of  4DQ  MHz  and 
fixed  or  staggered  FRF  In  a  wide  range  between  1  and  50  kHz.  The  output  power  of  W5  Watt  and  the 
antenna  gain  of  45  dB  result  In  an  effective  radiated  power  of  R9  dBm.  The  polarisation  of  the  trans¬ 
mitted  wave  is  swl tenable  from  pulse  to  pulse  either  from  RHC  to  LHC.  or  from  horizontal  to  vertical. 
This  depends  on  the  kind  of  primary  feed  horn  used  fnr  the  300  "d  cassegraln  antenna,  Co-  and  cross 
polarized  echo  signals  are  received  and  processed  by  two  separate  hut  identical  receiver  channels. 
I.lne  scanning  with  j  .*ate  of  20  scans  per  second  Is  done  by  a  flat  rotating  mirror. 

INTRODUCTION 

Besides  of  the  frequency  range  around  15  GHz  the  band  at  94  GHz  offers  another  atmospheric  window  with 
low  attenuation.  This  high  frequency  allows  the  application  of  very  small  antennas  maintaining  a 
narrow  beamwldth.  Therefore,  systems  at  these  frequencies  are  Ideally  suited  for  a  variety  of  applica¬ 
tions  where  at  the  same  time  small  size,  low  weight  and  high  directivity  or  high  lateral  resolution 
are  required,  e.g,  In  missile  seeker  applications. 

In  this  case  the  radar  often  works  under  severe  clutter  conditions;  on  the  other  hand,  a  high  lateral 
and  range  resolution  Is  necessary  to  determine  Important  target  features. 

To  measure  signatures  of  different  targets  and  clutters,  a  versatile  measurement  radar  system  was 
developed.  In  the  following  table,  the  most  Important  features  of  this  radar  are  listed; 


Frequency 
Agl  1 1  ty 

Effective  radiated  power 
Transmit  polarisation 

Range  resolution 
Pul  so  width 

Pulse  repetition  frequency 
Receiver 

Peak  to  valley  ratio 
Antenna  system 

Radar  control 


:  94  fJHz 

:  400  MHz  In  stops  of  10  MHz 

:  .19  rlllitl 

:  swltchable  from  pulse  to  pulse,  RHC/I  HE  nr 
horl zontal /vortical  My  choice  nl  the  antenna 
feed  horn 

:  <75  nut 

:  7n  ns 

;  1  to  5ll  kHz  ( II  xcd  or  staggered) 

;  ;;  channels  tor  «:u-  and  cross  pul. iris. it  Ion 

:  7q  dlt/Hz 

:  HU)  mm  r.assegri I n  system,  0,7  degree  beam  width, 
flat  rotating  mirror  fur  line  scanning 

:  operators  keyboard  or  computer  Interlace 


PRINCIPLE  l IF  nPENATIUN 

A  simplified  block  dlaqram  of  the  radar  Is  shown  In  Fig.  1.  As  a  frequency  reference,  a  I  fill  MHz  i;H~ 
stal  oscillator  is  used.  From  It.s  signal  all  required  frequencies,  even  too  f’RF,  are  derived  by  multi¬ 
plication,  division  end  up-  or  downconversion. 

In  the  nm-wave  range,  the  first  part  of  frequency  processing  Is  done  at.  half  the  operating  frequency 
allowing  the  application  of  more  standard  and  reliable  components  and  semiconductor  devices. 

A  4b. 24  GHz  VCD  Is  phase  lucked  to  the  reference  sourer  employing  a  harmonic  mixer.  In  order  to 
achieve  very  high  spectral  purity,  the  Gunn-dlode  VCU  Is  additionally  cavity  stabilized  /\/,  its 
output  power  Is  fed  Into  the  varactor  upennverters  for  both  the  transmitter  synchronisation  and  the 
local  oscillator  branch.  The  low  frequency  Input  signals  of  the  upconverters  provide  the  frequency 
agility  and  a  constant  frequency  offset  between  transmitter  and  local  oscillator  frequencies  which,  at 
this  stage,  amounts  to  half  the  receiver  IF  frequency.  The  output  signals  of  both  branches  arc  locking 
two  second  harmonic  mode  oscillators  at  their  fundamental  frequencies  11/ .  In  this  way,  active  fre¬ 
quency  doubling  with  mure  than  \  dii  gain  Is  achieved. 


One  of  these  fnmiament.il/secnnrl  harmonic  mo  fin  oscillators  acts  «11  roc  tly  as  local  oscillator  for  the 
two  receiver  channels  while  the  other  servos  as  injection  locking  source  of  the  IMPATT  power  ampli- 
fior. 

IMP  AT  T  IMlWni  AMM  IFjrti 

for  this  radar  application,  a  high  degree  of  coherency  and  phase  stability  Is  required.  Therefore,  n 
transmitter  with  low  phas.  error  Is  necessary.  Since  the  frequency  chirp  of  pulsed  oscillators  In  the 
free  running  statu  is  converted  iq  phase  chirp  In  tne  injection  locked  state,  two  main  conditions  are 
derived  from  the  requirements  me-Moned  before: 

A  low  locking  gain  (e.g.  iO  dQ)  and  a  high  locking  range  (n.g.  1  GHz)  and  low  chirp  of  all  oscilla¬ 

tors  in  the  free  running  state  are  essential. 

Therefore,  the  IMP ATT  power  amplifier  Is  composed  of  a  throe  stage  injection  locked  IMPATT-oscI 1 lator 
chain  /3/  shown  In  Fig.  2  followed  hy  a  4  oscillator  hybrid  power  combiner  /4/  shown  in  Fig.  3,  The 
low  power  stage  of  the  IMPATT  oscillator  chain  (Fig.  ?.)  employs  a  150  mVI  single  drift  IMPATT-diode 
Initially  optimized  as  CW-device.  This  diode  Is  preheated  by  a  OC  current  of  200  mA.  An  additional 
current  pulse  of  400  mA  is  required  to  produce  output  power.  This  mode  of  operation  reduces  the  fre¬ 
quency  chirp  caused  by  temperature  rise  of  the  device  si gnificantly. 

For  the  medium  power  stage  a  special  designed  1,5  W  single  drift,  pulse  IMPATT-diode  is  used.  Tills 
diode  has  a  significant  current-frequency  dependence  that  enables  chirp  compensation  by  current  pulse 
shaping  (see  bias  pulse  modulator), 

A  double  drift  diode  delivering  1?  W  peak  is  used  In  the  higher  power  stage.  It  needs  a  pulse  current 
of  roughly  U  A.  Ulas  pulse  shaping  is  absolutely  required  for  proper  operation  of  this  design,  hut 
unfortunately  it  has  less  influence  to  Its  Inherent  Irequoncy  chirp.  However,  the  thereby  caused  phase 
chirp  is  compensated  by  prodestortlon  the  phase  chirp  of  the  medium  power  stage. 

In  this  way,  a  maximum  phase  ripple  of  on1>  *-3  degree  is  achieved.  The  output  power  of  the  IMPATT 
oscillator  ruin,  reduced  to  6,4  W  by  circuit  losses,  servos  as  injection  power  for  a  four  oscillator 
hybrid  power  combiner,  shown  as  blockdiagramm  In  Fig  i. 

Four  IMPATT-oscillators  are  powercombi nc*d  by  four  3  dU/90°  hybrid  couplers  as  shown  In  the  center  of 
Fig.  3,  Additionally,  the  symmetry  of  this  arrangement  is  used  to  provide  switching  uf  the  output 
ports  wltnout  any  loss  of  output  power.  This  is  done  by  using  a  PIN-diodo  switch  in  the  Input  path  of 
the  power  combiner,  If  the  injection  signal  Is  fed  to  port  l1,  the  combined  (or  sum)  power  appears  at 
port  2"  while  the  difference  power  comes  out  at  port  2‘  and  vice  versa. 

Both  output  ports  are  connected  to  the  two  tronsmi t/recclve  <11  plexors  in  the  antenna  fruntond,  where 
each  port  Is  associated  to  one  polarisation.  The  combiner  Is  matched  by  means  of  broadband  Isocircula¬ 
tors  at  the  Input  ports  (Inserted  between  PIN- diode  switch  and  combiner)  as  well  as  the  output  port. 

Because  the  I MP ATT -diodes  of  the  oscillators  to  0.^  shown  In  Fig.  3  are  operated  In  a  mode  similar 
to  a  saturated  reflexion  amplifier,  their  contribution  to  the  overall  phase  chirp  Is  as  good  as 
neglec table. 

Output  power  per  diode  Is  ahout  7,6  Watt  peak,  the  combiner  output  power  at  the  ports  V  or  amount* 
to  Watt  peak. 

Circuit  losses  as  well  as  the  insertion  loss  of  the  pin- diode  switch  reduce  the  synchronisation  power 
available  for  the  combiner  to  about  4  Watt  peak.  The  output  power  at  the  antenrio  feed  was  measured  js 
in  Watt  peak.  This  Is  caused  by  the  losses  of  the  Isocircu • a  tors,  turnstile  cuuplor,  T/H-dip) oxers 
e.t.c. 

UFfinVIIH  Fit  (INTEND 

A  more  detailed  block  diagram  uf  this  part  of  the  radar  is  given  In  Fig.  4.  Directly  connected  to  the 
circular  waveguide  antenne  feed  horn,  a  turnstile  Junction  serves  as  polarization  coupler  separating 
an  arbitrarily  polarized  Incident  wave  Into  two  rectangular  waveguide  outputs  representing  the  LHC  and 
HHC  polarized  components.  A  circulator  serving  »s  T/ll  diplnxor,  a  PIN-dludc  STB  and  a  balanced  mixer 
are  connected  to  each  of  these  ports.  Depending  on  the  required  transmit  polarization,  the  output 
power  or  the  IMPATT  amplifier  Is  fed  to  one  of  these  circulators. 

In  order  to  reduce  losses  In  the  receiver  paths,  the  complete  arrangement  Is  built  Into  a  compact 
block  using  K-planc  techniques  for  circulators,  STCs  and  mixers  /!)/.  The  turnstile  coupler  was  scaled 
down  from  lower  frequency  versions  /&/.  The  C-plane  circulators  ///  show  a  reduced  bandwidth  compared 
to  H-plane  circulators;  their  set-up,  however.  Is  very  simple  and  easy  to  fabricate. 

Mixer  and  STB  are  realized  in  flnllne  technique  /*»/  integrated  on  a  single  substrate  For  each  channel. 
The  STC  provides  a  maximum  attenuation  of  about  31)  dll.  The  conversion  loss  of  each  channel  (including 
circulator,  STC,  mixer)  amounts  to  9,5  dll,  the  5SB  system  noise  figure  (Including  IT  contribution)  Is 
13  dP.  The  mechanical  dimensions  are  75  x  (>()  x  J?0  mm. 

IF  SIGNAL  PROCESSING 

Both  co-  and  cross-polarized  signals  a rr?  processed  In  two  identical  IF  amplifiers.  Behind  a  low  noise 
IF  preamplifier  (NF  *  1,5  dll)  an  IF-STC  switch  using  a  dual  gate  KET  Is  implemented.  The  additional 
dynamic  range  of  40  dll  gives  an  overall  STC  dynamic  range  of  70  dll.  The  slope  of  both  the  RF  and  IF 
STC  is  digitally  controlled  by  means  of  a  PROM.  Thus  the  STC  slope  Is  accurate  and  temperature  stable. 


A  range  «ia to  with  a  dynamic -range  of  70  dB  as  well  as  a  precision  step  attenuator  K  Implemented  In 
the  640  MHz  IF  path.  After  filtering,  the  IF-sIgnal  Is  lownconverted  to  160  MHz.  At  this  frequency,  a 
1  j.jarl  thmlc  amplifier  with  a  dynamic-range  of  hi)  rlH  and  a  phase-constant  limited  are  Implemented.  Tills 
limiting  amplifier  has  a  phase  error  of  less  than  ft  degrees  over  fill  dll  of  Input  dynamic  range.  Cohe¬ 
rent  do  tec  tfori  Is  accomplished  using  J-Q  phase  detectors  for  both  channels  as  well  as  an  !-Q  detector 
for  the  dl f  forentl  phase  of  the  two  channels, 

MECHANICAL  CONSTRUCTION  AND  SCANNER 

The  millimeter  wave  parts  of  the  radar  are  assembled  on  a  separate  thermally  Insulated  chassis  which 
is  temperature  controlled  by  means  of  heating  and  fan-cooling,  This  chassis,  together  with  the  first 
IF  circuitry,  the  pulse  power  supply  of  the  transmitter  and  the  antenna  are  mounted  In  the  radar  head 
as  shown  In  Fig.  5.  To  this  head,  a  mechanical  scanner  with  a  rotating  flat  mirror  Is  connected.  The 
flat  mirror  Is  metallized  on  both  sides.  Thus,  with  a  rotation  rate  of  600  turns  per  minute,  a  scan 
rate  uf  20  scans  per  second  Is  achieved  over  a  operative  scan  angle  of  +.10°.  The  antenna  and  the 
scanner  are  covered  with  a  housing  Including  a  low  loss  radom  (0.3  dll). 

The  radar  head  Is  connected  via  cable  to  a  10  inch  rack  containing  the  second  IF  level  circuitry,  the 
necessary  signal  processing  components,  the  basic  frequency  processing  and  the  basic  power  supply.  Tne 
Radar  can  be  operated  either  by  a  keybord  type  operation  board  or  under  computer  control,  The  complete 
radar  equipment  Is  shown  In  Fig.  6. 
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Fig.  1  Simplified  Dlock  Diagram  of  the  Radar 
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The  Complete  Radar  Kyiilpmem 


DISCUSSION 


f  I, A. van  der  Spek 

C'nn  the  system  derive  the  scattering  nititrix  of  each  resolution  cell  of  a  target .’ 

Author's  Reply 

Yes,  it  is  able  to  determine  the  complex  scattering  matrix  In  a  eel!  of  15m  with  an  absolute  resolution  of  3Hcm.  The 
aeeuruey  to  determine  the  distance  of  the  object  is  typical  for  pulse  radars.  Processing  is  done  by  the  group  of  Mr.  Duars, 
FGAN-PHP,  Wachtberg  Werthhoven  —  see  buss.  card. 
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SUMMARY. 

-{ 

This  paper  examines  the  usefulness  of  superresolutlon  methods  for  airborne  radar.  Angular  resolution  of 
closely  flying  targets  Is  an  Interesting  application.  For  hak  images  superreBolutlon  methods  do  not  «ut*m  to  bo 
very  helpful.  Wo  give  a  survey  of  the  possible  methods  and  point  out  problems  and  constraints 

. 

1.  INTRODUCTION. 


Q  Suporrosolutlon  methods  for  spectral  and  angular  resolution  enhancement  are  currently  widely  discussed.  These 
metheds  are  applied  In  seismology,  speech  recognition,  and  for  experimental  purposes  In  sonar,  but  not  yet  for 
{  radar.  The  time  requirements  for  radar  are  the  most  demanding  of  the  mentioned  applications.  Modern  radar 
v,  systems  have  to  work  completely  automatic  concerning  target  dotoctlon,  estimation,  and  trucking.  On  the  other 
{ — hand,  the  radar  signal  to  be  resolved  and/or  the  noise  background  is  normally  simpler  than  In  other 

applications,  Those  different  constraints  require  in  reflect  upon  the  radar  application,  (ion  ora  I  vlerwpolms  for 
VT  applying  superresolutlon  to  ground  based  radar  have  been  presented  In  |1,L!|.  For  airborne  radar  we  have 
^"p‘  dlffcroni  modes  of  operation  and  constraints  than  for  ground  based  radar.  For  the  airborne  tracking  and 
surveillance  radar  wo  have  h  severe  clutter  problem  which  Is  a  crucial  point  for  supurrnHoluilon,  A  special 
airborne  radar  liiodo  Is  the  Synthetic  Aperture  Radar  (SAK) ,  which  creates  pictures  for  reeonnalssunrp  or 
de’ects  moving  targei*.  This  paper  examines  the  use  of  Miporrnsolmlon  methods  under  these  constraints. 


2.  PRINCIPLES  OK  8UPHRKB80LUT1ON . 

By  conventional  procnntilrig  wn  denote  the  forming  of  a  sum  beam  using  a  plane  wavefront  weighting  fur 
angular  resolution  or  applying  the  discrete  Fourier  transform  Tor  spectral  resolution.  IJolh  types  of  processing 
are  mathomalically  equivalent.  The  use  of  some  mnplliudo  taper  to  roduco  the  principal  sldolnlms  Is  also 
consldernd  hs  conventional  processing.  This  type  or  processing  makes  no  assumptions  about  the  exported 
signal  hocauso  It  Is  derived  from  the  Fourier  transform,  and  It  Is  robust  against  system  errors. 

Suiwm>tiohitlnl i  mothods  obtain  their  increased  resolving  power  from  a  moro  refined  model  of  Hie  exported 
signal,  Tho  signal  modal  is  matched  to  the  measured  data  according  to  soma  criterion  of  fit.  The  measured 
data  can  ho  the  output  of  tho  conventional  processor  (beam  output).  For  statistical  reasons  this  beam  -space 
approach  does  not  give  a  vary  high  degree  of  stiperretjoliitlon  I'nworfoi  •mi  o", ,  vim  inn  jH  m  ,,  imHcii  mi 

the  spatdul/  tempural  samples  of  the  received  waveform.  This  moans  that  angular  suporicaolutlon  can  only  he 
achlovod  with  an  antenna  array  For  largo  arrays  we  can  use  aulmrruy  outputs. 

Kubufltrjpsg.  Matching  a  detailed  signal  model  to  Die  data  moans  In  Interpret  l.hu  fine  structure  of  the  received 
waveform.  Therefore  all  suporresolulhui  methods  are  sensitive  to  errors.  'Robustness1  with  Niiperresolui ion 
met  hods  can  only  bo  obtained  by  choosing  a  roullsllc  signal  model  and  a  will  defined  noise  background. 
Superresolution  should  always  bo  a  second  stage  of  processing,  after  conventional  detection  and  direct  hut 
finding 

K."MiAlJ.iyll  11  illili  The  classical  definition  of  the  resolution  limit  is  given  by  the  ability  in  separate  |W„ 
spectral  Hues/  point  l argots.  For  conventional  processing  this  resolution  limit  Is  approximately  given  by  the 
•‘id ll  boamwhllh.  Tint  superrusnliitlnii  <  upuhllliy  Is  measured  by  Die  fraction  of  tho  heumwhlth  at  whbdi  twn 
different  slgnala  can  bo  resolved,  suporreselut ion  does  therefore  mu  necessarily  mean  high  rosulut Ion,  If  wo 
have  an  anlenna  with  a  broad  beam.  Tlie  difference  In  the  IWo  definitions  of  resolution  Is  best  1 1  last  rat  ml  by 
tho  following  example:  If  we  want  In  resolve  two  vehicles,  the  dannlcal  re  so  lu  thin  Is  given  by  the  pixel  sl/.e, 
bill  superresolutlon  tries  to  match  the  superposH ion  of  lint  sIlhouePoH  of  ihese  two  vehicles. 


a.  APPLICATION!!  FOR  AIRBORNE  RADAR. 

The  most  Inl.ercHi Ing  appllmrltin  for  suporreaolutlon  methods  Is  angular  roHolui Ion  luilmnmmuil,  hernuttc  of  tin* 
limitations  f*»r  the  antenna  apor'uro.  Thu  host  application  In  the  resolution  of  format  hum  of  aircraft  for  the 
air -l n -air  looking  radar  (point  targets  against  a  'wlilie'-nolmi  background)  For  the  resolution  of  low  flying 
nircrurt  for  Ihu  air-to-ground  looking  radar  lho  effect l venous  of  llte  clutter  filter  Is  prevailing  the  potential 
auporrusoluilon.  For  forward  looking  radar  the  conventional  Mil  may  he  surriclunt,  but  Tor  a  sldelooklng  array 
a  modern  AM'l'l  for  tho  whale  array  output,  vector  (spurn- that!  processing)  Is  required. 

For  MAR  Image  enhancement  there  seem  te  bo  not  very  useful  applications  for  superrosolui Itm  methods  In 
principle  the  angular  SAK  pattern  Is  a  conventional  spectral  estimate  which  could  be  enlmnumi  by 
suporrosulutlon  methods,  However,  the  resolution  of  SAK,  l.u.  the  lime  aperture,  la  chomut  as  large  »«  possible 
for  tho  given  urrora  of  the  samples.  Having  extended  tin*  aperture  to  the  maximum  tolerable  limit  for  the 
robust  conventional  processing,  more  sensitive  methods  can  not  give  bettor  results. 

In  summary,  we  have  that  the  main  application  of  superresolutlori  methods  for  airborne  radar  la  angular 
resolution  ef  formations  of  targets 


4.  DESCRIPTION  OP  THE  MAIN  SUPERHESOLUTION  METHODB. 


SuucrrefloluUon  Mrra.ys.  For  a  typical  array  with  thousands  of  elements,  it  Is  p rcsnt; lit ly  tun  expensive  id  digi¬ 
tize  all  element  outputs.  In  n nor h I .  one  uses  subnrntys  to  r-.ulur a  tho  •iuuil»<r  of  rhunnots.  Tin*  positions  nf 
lh«  '‘ontroa  of  tho  subarrAys  constitute  a  supnrftrray.  The  whole  array  •  un  Ik*  '•onaldorud  ns  t In*  supcrarrny 
having  the  nub arrays  hr  elements.  one  can  show  that  for  n  regular  fully  filled  nrrny  mu'  a Imulri  avoid  r*> >;u l a r 
<«  •  i  b  u  r  r  m  y  h  because  of  t  he*  unit  Inf,  loin?  problem.  uniting  lubes  arise  bemuse  tin*  supenirruy  push  Ions  have 
dlstanco*  groater  thn  half  wavelength.  This  results  not  only  In  a  periodic  rnputltlon  of  tho  high  ritsnlulluri 
angular  spectrum,  but  also  In  a  foldlng-ln  of  targets  outside  the  angular  region  of  Interest.  If  we  eh  (wins 
subarrays  of  different  shape  such  that  tha  supararray  Is  randomly  distributed,  we  cun  uvohl  grating  lobes. 
However,  the  signal  model  Inherent  In  i  nt  auperresolulian  methods  requires  array  elements  with  equal 
patterns.  For  sufficiently  targe  number  of  subarrays  wo  naed  not  to  correct  for  the  different  subarray  patterns 
because  the  errors  average.  Superreaulutlon  methods  which  arc  restricted  to  linear  equally  spftcnd  arrays  can 
not  bo  applied  to  Irrogular  super/  subarrays 

TaruoL  decorrelation  bv  spatial  averlna.  Many  superresolullon  methods  can  not  resolve  complutnly  eorrnlatnd 
targets  (o.g.  caused  by  multipath).  We  can  overcome  tho  problem  by  modifying  the  covariance  matrix  os  illume 
such  that  the  signal  covariance  matrix  has  a  rank  equal  to  the  target  number  Idocorrolatlon  tnchnlquos),  A 
popular  method  to  do  this  Is  "spatial  averaging",  which  moans  to  averagn  the  arruy  outputs  over  a  sliding 

subarray  of  L  elements  |D|,  This  Is  equivalent  to  averaging  the  estimated  co  variance  matrix  over  u  sliding  Lxi. 

submntrlx  along  the  main  diagonal.  Equally  spaced  element  positions  am  nocossary  for  this  Imdinlquo  (no 
Irregular  eupnrarray).  Tho  resulting  covarlanco  matrix  has  a  dimension  equal  to  tho  averaging  subarray,  l.o. 
wo  sacrifice  apart uro  sire  for  target  docorrolut Ion,  Correlated  targets  aro  not.  consldnrod  a  serious  problem  for 
airborne  radar, 

fjjj^at|on,  For  tho  following  description  of  the  auporrosolut.lori  methods  wo  use  as  a  standard  notation  4(0  )  for 
tho  vector  for  conventional  beamformlng  without  any  taper  {phased  array  bimniferinlng)  In  a  direct  hut  0  l.o 
Bi(0 )»  oxplJ(2x />  )XiUl  for  ft  linear  array  with  elements  at  position*  x(  (l«l,.N).  u~  :»ln(B  )  donates  thn 
projection  of  tho  unit  direction  vootor  with  ardrsuth  Angle  B  on  tho  x-axla.  l*’or  a  planar  array  tho  dlrm'ihm  is 

given  by  the  projection  of  the  unit  direction  vector  on  tho  (x,y)-plann  and  we  huvo  aj» 

oxp|J(2* /x  )<X|U+yiV)l.  Fur  most  methods  4  can  bo  multiplied  with  a  moderate  amplitude  taper  without,  changtni; 
the  performance  of  the  method  significantly. 

4.1  Linear  prediction  method*, 

These  methods  arc  well  known  and  aro  frequently  used  for  time  sorle*  analysis,  The  common  property  of  these 
methods  Is  that  they  can  he  Interpreted  an  methods  to  extrapolate  tho  received  waveform  beyond  thn  uninnhu 
aperture  by  a  suitable  prediction  filler.  A  lot.  of  variants  of  this  type  have  appeared,  Tho  basic  procedures 
are  the  maximum-entropy  (MK-)  method  or  aiitorngrosslve  model  fitting  (AR-)  method  {llurg  M.ovlumin  |4|, 

Mnrpln  I A  |  etc).  Those  methods  estimate  a  continuous  angular  power  spectrum  of  the  form 

ha1)(8>.w  [a<o 0£4a. 

whnro  £  Is  an  appropriate  prediction  filler  vuet or.  calculated  from  the  oattmutod  eovarlamo  matrix  (spatially 
smoothed,  or  with  Imposed  Tooplltz  structure,  etc). 

These  methods  are  good  for  ustlmat.tnR  arbitrary  spectra  with  large  sample  number*  hi  t lints  series  analysis. 

Fur  thn  given  case  of  radar  angular  resolution  {pure  spectral  linos)  the  methods  are  not  very  well  suited,  wn 
have  blocks  of  Ulna  and  spHco  data,  the  suharruy  cent  run  may  not.  he  oqimlly  spaced  and  moat  nf  the  fast 
algorithms  aro  not  applicable  In  this  cusp,  in  case  of  a  planar  array,  the  met  hods  ran  not  easily  he  extended 
to  two  dlmenslonii.  Furthermore,  the  detection  performance  with  those  moihodH  Is  u  .mrloiis  imdilom  Ihmhusc 
thn  dlstrlbul Ion  of  the  sldelohes  of  the  esllmatod  spueirn  Is  unfavourable  (Huggerunr  p.ir.n  in  ld|).  I'o 
determine  the  optimum  niter  length  some  criteria  have  been  suggested.  simulations  showed  that  an  optimum 
filter  length  may  not.  exist.  IMIP  may  have  cJ/lier  n  spectral  estimate  with  sumil  variance  and  had  resolution 
or  a  spectrum  with  high  sldelohes  and  good  resolution,  (ill. 

4.2  Capon-typo  Methods. 

Those  methods  use  spectral  estimates  of  tho  form 
S,.  r(0  )-  <4L(0  Vo  )f  1  r  . 

where  y  is  the  estimated  covariance  matrix  (posslldy  spailally  smoothed)  and  r  positive  and  real-  The  case 
r=l  Is  duo  to  capon,  |4|  p.liu,  tho  extension  10  arbitrary  r  was  presented  hy  Pisarenko  |n|.  lor  r  ==15  this  in 
also  called  'Thermal  noise  algorithm"  |7|.  Mothods  which  use  l  lie  ratio  of  for  different  r  have  also  boeti 
suggested.  |rt|. 

These  nielhods  lire  applicable  to  random  planar  arrays.  They  have  good  detection  porformance,  that  Is  to  sn;, . 
the  dlstrlbtiLlon  of  the  estimated  spectrum  Is  not  very  nouvy  tailed  for  n  surriclonlly  large  number  of  samples. 
The  typical  feature  of  these  methods  is  the  prohibitive  amount  of  cmupuiiil  1  »*na  (matrix  Inversion,  t  otmlhly 
matrix  mult  tpl leal  Ion). 

4.(1  Hlgnil  eubepece  methods 

For  this  Hass  of  methods  It  Is  assumed  that  the  signals  to  ho  resolved  lie  In  a  lower  dimensional  sulmpiu  c  of 
1  he  whole  complex  space  of  array  output  vert  urn. 


aro  a  subclass  In  this  category.  They  use  angular  power  density  estimates 


s,,(0  >-  i  i(e  ) 


U-  L*  it 


£  in  a  projection  matrix  and  projects  on  the  space  orthogonal  to  the  signal  space  (complement  nf  the  signal 
space,  "noise  space").  Tho  columns  of  £  aro  a  sot  of  orlhonormall/.od  vectors  which  span  tho  estimated  signal 
space.  There  are  different  approaches  to  got  an  estimate  of  tho  signal  space 
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■  Tint  MI.SH'  nltiorlthiH  |‘J,lu|.  £  Is  cotnposi  «  of  tin?  dominant  eigenvectors  uf  the  null  mat nil  covariance  mutru. 
This  method  t s  known  for  Its  excelluot  resolution  properties.  It.  hi  applicable  to  arbitrary  arrays  and  not  fur 

correlated  targets,  except  wllli  spatial  averaging. 

■  7Vie  Unity.- I'nnu-r  (HT  )  project  hm.  Leas  ctimpui-.it loiml  expense  Is  r>’«|ii I rr*«l  If  in  rsidmat'-d  liy  simply 
ori  lui|*i»mtl  IkI  hk  Hi**  measured  data  vectors  |  U .  Ki|.  If  tin*  slgnal-lo  indsc  -ntln  Is  high,  I  hi*  data  vectors 
approximately  .H[mn  1  h*»  signal  nohspnre.  I’IiIh  method  performs  tint  hail  [ <ir  strong  ■;niir<,i|»  l:i|.  I»m  thi»  emlilmi 
In  Llml  lh«r«  In  viily  vary  limited  data  averaging  ponalbln  (In  contrast  t.ti  averaging  given  liy  the  estimated 
eovnrlnmw  matrix).  The  method  l*  applicable  to  arbitrary  arrays,  but.  not.  for  completely  correlated  targets. 

Tito  HT-prnJoi'tlon  can  bo  extondnd  to  urblirury  number  of  sHtnploN  II  tan  roluimm  or  thn  estimated  roviirliutrn 
matrix  are  used  an  a  hanks  for  tho  signal  suhspacu,  iu|. 

■  Tiw  hmn*M**n-TuttM  (KT-)  method,  If  thn  "noise  Npuco"  lx  represented  by  ono  single  vector  eiiul'mlent 
in  the  signal  space  being  of  dimension  N  —  1 ,  the  projection  can  bn  written 

Tho  angular  n  part,  rum  Sj,  than  Hikes  thn  form  of  SAK  a  ltd  In  dustily  related  to  It.  Thu  imit.luxls  of  Knddl  and 
Kmimrosan/Tufth,  noo  (l(l|  for  both,  have  this  form.  Calculation  of  thn  vector  in  based  on  eigenvector  or 
singular  value  dnconiposlllon.  In  contrast,  to  all  othur  projection  tnolhods,  tlta  Heddl-  and  KT-  method  la  limited 
to  linear  arrays. 

A  second  s  u  he  la  kh  in  ihltt  section  a.T  algebraic  methods.  unco  the  m  <  »*i-iil  suhspacu  bun  boon  i  ml  limited,  ihoi.o 
met  bods  calculate  tho  dualrcd  directions  by  solving  algebraic  agnations  lnfllu,.d  ul  maxim1, King,  ntt  nlmlHli.it  11 
scan  put  turn; 

■  Hoot  nit  (I  I  UK  methods.  All  proJocMun  methods  (as  well  aa  linear  prediction  methods  and  capon  mol  hods'  oitn 
bit  turned  Into  algebraic  imdiiodn  In  rasa  oT  a  linear  egnally  spaced  array  with  Xu*  kx»,t  in  this  ense  on*1 
identifies  11^(6  )*•/.",  with  •/.«  oxpfjx  a).  U“  Hin(o).  Tho  dominilnaior  of  Uto  scan  pattern  s.,  (and  also  sa,(1  n,.  r) 
then  can  bu  considered  nr?  u  real- valued  polynomial  with  complex  argum  mt  t,  of  degree  ;1n.  Thn  rmtu  /jj(j  of 
this  polynomial,  projected  on  the  unit  circle,  give  ostlirml.es  fur  » |^0(^))>  l.o.  of  m^)  anil  Itoncn  of  tho 
direction, 

■  KSTHIV  ntxorltlm  1 1 41.  Tills  method  Is  applicable  to  fairly  urblirury  arrays,  tho  array  has  to  compose  of  two 
(overlapping)  subnrrays  which  differ  only  by  a  constant  nhlfl.  The  directions  are  found  by  analysing  the 
olgenstruelure  of  tho  unto-  and  crosn-cuvurlaiuM.  matrix  >f  ihnsti  two  ru hurray!:.  Two  eigen -dccomposit bins  urn 
regal  red:  first  (o  determine  the  signal -uluno  covariance  oHi.Inmle  for  each  Huhurruy,  and  then  to  solve  the 
gonorall/.ed  olKoiiprnhlem  with  the  two  signal  covarlaaeo  oHt.liuutes.  supnrinr  performance  or  kspuit  ever  MidiK* 
has  boon  reported,  l  in  I 

Although  the  signal  subspaco  Uiol boils  have  good  resolullon  properties,  they  rotjulre  In  general  ton  exlniwlvo 
calculations,  only  the  simple  IIT-nuithml  could  In;  fasl  enough  fnr  airborne  appllt at  bins,  but  P’l  Mb’ •m*'l  hods 
mentioned  bolow  aro  butter  suited  for  automatic  processing. 

Hypotheses  lusting  problem.  Knr  all  signal  sub»|min  melhods  wc  need  i«  knew  the  dlnimu.bui  uf  the  algnal 
•uibapacn  Mh  Tliln  In  h  difficult  <liil.iict.lon  problem  bocnilNo  the  lusts  tmiat  he  completely  automatic  and  well 
donned.  I'Vr  tho  nlgenvec'or  project len  (MUSIC)  .setae  HUggosi  Inns  auve  been  maile  |  111, lb,  l  ?|,  alto*  for  t1—  IIT 
method  ||g|.  In  aiidilloit  lo  fl  lull  nil  the  dtiiiohslna  on  tho  signal  ntibtiiace  M<t,  we  have  In  <|eh«ei  tbe  lurget 
number  which  In  In  general  differ*' in.  fruit1  M  „  I'hls  In  usually  done  by  cuiti|iarhig  the  peaUn  uf  ih<<  nr  an 
pill  torn  With  a  threshold  The  distribution  uf  the  sldelnhon  ot  the  aeiui  pattern  hi  then  Import  it'll .  The 
behaviour  of  those  fous  and  the  ties  arising  from  nuicadlng  twi>  tiM  pi rn-mlureN  are  ici  o|n>ti  I'li*  1*1  f"r 
rnaoiireh. 

4,4  Parametric  target  model  fitting  (I’lMl'T 

rhese  aiclhnds  have  been  ilescrltn'il  In  |IH.1P|.  A  <"mpl«’le  |mram*>l  erl/.a»  Inn  <>l  i  tin  ii-.siiii.-.I  -ilgtial  vc.  t  «r  !•. 
used.  Many  target  models  with  miiipllciilnd  pammeterl.’.ai  Ion  are  pusnllili'  l,’or  radar,  the  point  Inrgel 
asHumpilnn  with  unknovn  iiinplluide  i.t  most  appreprluto: 

M 

r  iitd|  )i>,  aIj  u) 
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The  unknown  parnii.oi -rs  iro  Oj  and  Mte  complex  amplU udes  bj  (l:  I..M).  which  ei.n  b**  mmprhiMl  in  a  inmple*. 
void  nr  |j  and  a  eomplog  NxM-mat  fix  a.  ^k  J'“  **|j  (Oj  ) ,  lk~.,.N)  The  model  Is  chosen  h>icIi  i  ti  ;il  the  iie'iiii 
si|tmrei|  error  between  measured  ilatu  and  model  ^  is  nilnltiium. 


K 
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'I’lte  itilnlimim  over  b^  Is  a  least  sipiaros  problem  and  the  solution  can  In*  written  down  fur  each  (J  .  1 1  >*  |  |  lien 

111)  reduee.a  n, 


»>l"  )  I'* 
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Mocituse  uf  the  delornilnlstlc  amplitude  model  the  method  Is  able  t*»  resolve  even  rumple  I  oly  inrndaled  turgeta 
This  makes  PTMI*'*  metluidn  of  special  interest  in  radar  t<i  counter  multipath 

I 'q  rummer  ymiHliiMun,  The  main  problem  with  I'TMI'1  met  hods  seems  to  be  l  no  computational  <>x  pease  to  mlulmlse 
the  mean  ai|iuirud  error  function  (y)  Many  Ideas  f*>r  fast  minimisation  of  (P.)  * j r  (ti)  have  been  pr**r,,nt**d 


I 
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■  Analytical  i/f 'tormln  itlan  of  tin*  optimum  parameters  for  small  numbers  of  elements  In  special  arrangements, 

n«:i  applicable  for  planar  arrays. 

■  I'rntiy  mi'thotl  l-nr  mir  -lain  \«*etur  (K“l)  anil  t ho  number  of  data  components  equal  to  tin*  number  of 
uiilTi  -wns,  the  minimisation  of  (u)  reduces  t n  an  equation.  Solving  this  equation  Is  railed  t ho  l*rony**metho«l 
and  i*.  closely  related  to  a  K- model  filling.  This  method  Is  rcslktcd  to  linear  antennas, 

■  Altcrnutlnf?  projection  methods.  The  minimisation  of  the  multl-dlmenslonal  function  (3)  can  be  reduced  to  a 
sequence  or  I  -dlmonslonal  minimisations  If  only  one  direction  Is  varied  while  the  other#  are  kept  fixed.  Of 
murid,  convorgimco  does  not  become  faster  with  alternating  projection#  compared  with  multl-dlmenslonal 
minimisation. 

■  Newton -type  methods.  These  are  the  classical  methods  for  minimising  non-llnoar  functions.  Although  the 
number  of  iterations  Is  much  less  than  with  a  simple  steepest  descent  gradient  algorithm,  the  direction  up¬ 
dates  are  more  complicated  t<  compute.  This  Is  not  very  attractive  for  real-time  applications. 

■  Stochastic  approximation  methods,  The  function  (3)  Is  minimised  for  K=l  by  a  gradient  search,  but  for  each 
Iteration  step  a  new  data  vector  la  used.  No  storage  of  the  data  or  covariance  matrix  Is  required,  in 
addition,  one  can  show  that  this  algorithm  car  be  reduced  to  a  procedure  which  uses  only  the  outputs  of 
parallel  beams  This  Is  very  effective  for  phased  array  radar.  Because  the  stochastic  approximation  Is  also 
ubl<!  to  follow  a  nun -stationary  target  situation  (If  not  changing  too  fast),  this  algorithm  Is  also  suited  for 
tracking  targets. 

Hypotheses  testing  The  target  number  can  not  be  found  by  minimising  (21,  because  this  function  Is 
monotnnlcally  decreasing  with  M-  A  sequence  of  white  noise  tests,  j  1 B I .  Is  simple  to  calculalu  and  has  boon 
tested  In  simulations  and  experiments.  This  test  In  sequential  with  respect  tu  the  target  number  and  It 
requires  the  minimum  number  of  tho  expensive  parameter  estimations. 

Kxperlmental  results.  *i. mutations  and  aovoral  oxporlmonts  with  roal  duta  have  proven  tho  superior  performance 
<f  the  I’TMK  algorithm  with  stochastic  approximation  for  different  radar  applications.  Some  experiments  are 
conducted  at  KPM  with  the  experimental  system  DESAS  which  uses  a  fully  adaptive  superresolutlon  algorithm. 

It  consists  of  a  planar  8*olement  array  at  5-band  shown  In  figure  1.  The  digitised  element  outputs  of  tho 
antenna  are  fed  to  a  microprocessor.  The  targets  are  simulated  by  thn  ,'J  antennas  In  front  or  the  array,  Klg, 

2  shows  the  results  of  the  superresolutlon.  The  U  dots  within  the  circles  show  the  directions  of  thron  sources 
estimated  by  the  stochastic  approximation  as  described  In  1 1  B| .  The  slzo  or  the  dots  Is  proportional  to  the 
estimated  amplitude.  The  directions  correspond  to  tho  true  directions  better  than  (M  beamwldth,  Tho  Inner 
circle  Indicates  the  sl/o  of  the  3dH  boamwldth  of  the  antenna  and  this  gives  an  Imprusalch  oT  the  separatum 
between  the  sources  Target  separation  Is  approximately  0.6BW  and  0.3BW.  Tho  3  most  left  vertical  bars  show 
l he  averaged  estimated  amplitude  and  tho  crossline  Indicates  a  threshold.  This  Is  used  to  reduce  the  assumed 
number  of  targets  If  the  amplitude  falls  below  the  threshold.  The  most  right  of  the  four  vertical  bars  shows 
the  test  statistic  for  Increasing  tho  number  of  targets,  according  to  the  whlte-nolse  test  described  In  |1B|. 
Figure  3  shows  the  block  diagram  of  direction  estimation  and  t.argHt  number  increasing/  decreasing  tests,  one 
can  switch  the  sources  3n  and  olf  or  move  the  sources  and  the  system  displays  tho  source  situation  In  real 
time,  The  tests  for  Increasing  and  decreasing  the  target  number  together  with  the  stochastic  approximation 
algorithm  for  dlroctlon  estimation  constitute  an  adaptive  closed  loop  superresolutlon.  This  degree  of 
automatism  Ion  has  not  been  achieved  with  tho  othar  superresolutlon  algorithms  yet. 

The  achieved  degree  of  superresolutlon  with  DBSA3  was  always  better  than  0,6  beamwldth  Tor  two  sources  of 
equal  power.  With  a  well  calibrated  array  resolution  goes  down  to  0.2  beamwldth,  but  detection  then  becomes 
a  prohlnm  Targets  with  unequal  power  require  a  longer  convergence  time  Tor  tho  direction  of  the  weak  target., 
more  than  i!  targets  also  require  longer  convergence  time.  The  limiting  fan  nr  for  superresolutlon  Is  tnalnlv 
array  Irmcmray.  not  tho  slgnal-tu-n<>lse  ratio,  which  simply  produces  slower  convergence. 
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Fig.  g:  FFN-DESAS  display  of  results  with  closed-loop  superresolutliw  by 
stochastic  approximation  and  multi-hypotheses  test. 


Fig.  If:  FFM-IWSAS;  Structure  of  *'loscd-loop  superrosolutlou  with  pars motor 
estimation  and  tests. 

b.  I’kOBLKMS. 

ShporroHOlut  Ion  methods  encounter  three  problem.*:  high  accuracy  of  the  receiving  array,  I enmpirui Imi 
l 'me,  reliability  of  i |u*  res u! in. 

A< curacy  o'  Lhu  receiving  arra.v.  t»oml  performance  of  «■  her.'osuliiUon  mcihodn  at  a  reaHoiiabli  price  ran  -miIv 
bo  achieved  by  i.*ompunHHtlhK  error**  oy  software  ( si'lf-callhrutlni \  arrays'*.  We  have  to  provide  different  points 
In  thti  receiving  chttltt  or  each  chHnnc)  for  Inaurtlng  a  tost  signal.  I'linmiel  <» rr»ut ,  amplification  ami 
orthogonality  errors  It*  the  I-  and  ij-ohaimol,  Inlor-  channel  amplll tide-  and  phase -errors  for  different 
frequency  hand.-'  can  then  he  r-or meted  digitally.  The  only  hr imrl.fi n t  hardware  r«t|tilrom»»nt  Is  then  channel 
stability  and  a  sufficient  dynamic  rungo  (number  ot  blta)  foe  each  channel  I'hantml  accuracy  ronulromentu 
decrease  with  the  number  of  channels.  K*>r  robustness  reasons  wo  will  therefore  choose  to  have  as  manv 
si-harraya  as  wo  can  afford. 

t'oinnutmlun  ttimi.  Knr  airborne  radar  applications  tin*  fast.  I’TMl*'- method  I  y  stochastic  approximation  him* hi m  to 
hi-  best  su' Led.  Por  few  targets  thin  method  duos  hot  rou-ilre  extensive  compulation  time.  The  main 
computational  load  arisen  from  parallel  digital  beamfnrmlng,  for  which  f«;.t  special  hardware  has  to  he 
designed. 

Reliability  of  results.  The  probability  of  detuning  the  correct  target  number  wllh  auperresolut Ion  methods  Is 
much  lower  lit  n  with  conventional  processing,  spurious  targets  duo  to  array  error::  will  appear.  Kolmst 
HUperresoItjMort  methods  will  tend  to  detect  l.  a  row  of  a  given  number  of  targets  In  an  Interference  “free 
environment.  Por  a  high  probability  of  correct  superresolutlon  good  clutter  (ana  possibly  Jammer)  suppression 
and  well  defined  detection  procedures  are  necessary.  The  performance  of  the  test,  procedures  rie  -ds  to  ho 
Investigated  with  real  data. 


6,  CONCLUSIONS. 

For  airborne  radar,  resolution  of  closely  fly Imr  targets  Is  tie  main  application  of  supcrrcaolutlun  methods.  For 
SAU  there  si»t»i,i  In  he  tm  possibilities  Tor  r  reasonable  use  of  soperresolutlon  The  adaptive  I'lirumel ric  Turgot 
Model  Fitting  method  scents  t.n  bo  the  most  promising  moihod  fur  th«  reasons  of  simplicity,  rnbusi ness,  unit 
reliability. 

A  planar  array  with  irregular  aubarrays  and  hardware  for  solf-callbratlon  would  typically  be  part  of  a 
realisation.  The  attainable  enhancement  in  resolution  will  be  not  more  than  1/3  of  the  ninenna  boamwldth. 
The  limiting  factor  of  Miparresolutlon  will  be  the  array  accuracy  rather  t.har  the  slgnwl-tn-nulso  ratio. 
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A  DESIGN  OF  A  POLARIMETRIC  C-BANQ  SAR  IN  THE  NETHERLANDS 
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SUMMARY 

^  In  The  Netherlande  a  digital  SLAR  system  (X-band)  is  used  since  many  years  in  radar 
remote  sensing  research.  An  example  of  results  and  the  system's  key  features  are  given 
in  this  paper.  Calibration  and  high  geometric  and  radiometric  accuracy  were  the  keywords 
to  succuaa  in  remote  sensing  for  this  Bystem. 

Based  on  this  experience  a  polarimetrlc  c-bend  aircraft  SAR  is  designed,  that  will 
be  finalised  in  the  1990' s.  The  system  is  designed  using  modern  technology.  In  its  final 
version  it  will  make  use  of  a  phased  array  antenna  with  Bolid  state  amplifiers. 


a 


Before  this  system  aan  be  developed,  a  number  of  problems  have  to  be  solved.  ThiB 
is  done  in  several  theoretical  and  practical  studies.  In  one  of  theBe  preparatory 
studies  a  SAR  testbed  will  be  constructed,  to  teBt  parts  of  the  technology  that  will  be 
used  in  the  final  system  and  to  gain  experience  with  airborne  SAR  in  general.  This 
testbed  will  be  described  in  the  paper.  ^ 

The  dataprocessing  for  the  PHARUS  system  requires  the  development  of  software 
too  1  b ,  that  take  geometric  and  radiometric  corrections  into  account,  as  well  as  th? 
calibration.  Tills  in  turn  requires  accurate  measurements  or  the  aircraft  position  and 
attitude , 


PREFACE 

The  PHARUS  project  (PHARUS  stands  for  mod  array  universal  GAR)  Is  carried  out  by 
the  Physics  and  Electronics  Laboratory  of  TNO  (FEL-TNO)  in  The  Hague  In  cooperation  with 
the  National  Aerospace  Laboratory  (NLR)  in  Amsterdam  and  the  Microwave  and 
Telecommunication  Group  from  the  Dollt  University  of  Technology.  The  project  is 
sponsored  by  the  Ministry  of  Defense  and  by  tha  National  Remote  flensing  Hoard  ( BCRB , 
Delft) .  The  program  management  on  behalf  of  those  partners  is  curried  out  by  tha 
Netherlands  Agency  for  Aerospace  Programs  (NLVR)  in  Delft, 


1  INTRODUCTION 

In  the  mid  seventies,  radar  experiments  Uring  a  uhort  range  acattorometer  were 
started  in  The  Netherlands,  mninly  for  th'j  determination  of  radarsignnturos  of 
agricultural  crops.  This  work  was  performed  at  x-band  (A*.!  cm)  and  later  on  also  at  :if> 
OH?,  ( A **B  mm)  (1].  The  measurements  were  taken  during  a  number  of  growing  season**  to  gain 
morn  insight  in  the  variations  from  year  to  veur.  This  led  to  work  in  the  area  of. 
modeling  and  crop  classification .  It  was  soon  recognized  that  calibration  of  thn  data 
taken  at  different  times  and  und^r  varying  incidence  angles  io  vory  important  but  also 
quite  difficult  to  achieve. 

The  work  described  above  was  carried  out  by  n  number  of  institutes,  each  one 
covering  a  specific  discipline.  This  multidisciplinary  cooperation  was  organized  through 
the  ROVE  team  (Radar  observation  ori  Vegetation) .  Nowadays  the  Netherlands  Rramoto  Sensing 
Board  takes  care  of  sponsoring  thiB  HOVE  work.  The  experience  gained  wJ  th  this  program 
led  to  the  use  of  a  digital  and  calibrated  x-band  SLAR  system.  Among  others  the 
multi temporal  crop  classification  could  be  demonstrated  with  ‘-his  system  [2],  it  in 
discussed  in  more  detail  in  chapter  2. 

In  the  I96  0 ' s  it  was  realised  that  tha  work  had  to  be  extended  to  more  and  also 
lower  frequencies  and  tc>  other  areas  of  interest.  Those  idea's  led  to  tha  design  nnd  the 
use  of  a  multiband  airborne  ecatterometer .  The  DllTSCAT  multiband  airborne  scat.teromoter , 
designed  and  built  by  the  Doift  University  of  Technology  [6]  is  capable  of  acquiring 
data  at  6  frequencies  ranging  fLom  1-10  GHZ. 

The  datasets  from  this  system  form  the  basis  for  the  knowledge  that  Ih  necessary  to 
evaluate  now  applications  Ln  tha  l  ield  ot  remote  :;.unr.  1  tig.  Apart  from  studying  the 
behaviour  of  targets  -m  a  function  ol  frequency  or  incidence  anglu,  the  polarln.it  Ion 
dependence  can  be  studied,  which  becomes  of  growing  Importance  ns  the  intermit  In 
pulurlmetry  incrctaoeta.  fn  the  near  future  the  DllTSCAT  will  bo  (it  tori  with  a  possibility 
ta  measure  two  like  polarisations  and  their  phase  dil terencn  simultaneously,  which 
enables  a  thorough  preparation  for  the  polarimetrlc  BAR  system. 

The  next  rctop  is  thu  development  uf  an  airborne  poUulmntric  HAH  systam  In  tha 
C-band,  railed  Pharun  ( Phased  array  universal  GAH) .  The  choice  ol  tin*  parameters  for 
this  system  arc?  based  on  the  experience  we  gained  with  the  previous  programs.  This  moans 


that.  special  attention  will  he  paid  to  the  data  accuracy,  in  the  end  the  system  wilL 
have  tu  deliver  radarbaokscattorm.ips :  calibrated  imaqor;  with  a  hiqh  level  of  geometric 
anrl  radiometric  accuracy. 

The  frequency  lined  for  f  ho  PHARUN  i  s  the  name  an  lor  the  HRS- 1  satellite.  The 
"universal."  aspect  of  the  PHARUS  SAR  Is  found  in  its  twofold  application:  both  military 
and  civil  programs  in  The  Netherlands  will  benefit  from  It.  The  PHARUS  project  consists 
of  two  phases!  a  definition  phase  and  a  realisation  phase.  In  the  definition  phaBe 
studies  are  carried  out  on  antnnnatechnology  and  aircraft  motion  measurement  and 
compensation.  Furthermore  a  SAR  testbed  is  constructed.  This  relatively  simple  SAR 
system  will  be  ready  in  early  1990  and  will  be  used  to  study  in  detail  the  problems  and 
limitations  of  aircraft  SAR  systems.  The  results  of  these  preparatory  Btudins  will  guide 
the  design  of  the  final  PHARUS  SAR,  '.lch  we  hope  to  realize  in  1991  -  1993.  More 
details  about  the  Pharus  project  in  ge  .el  are  given  in  chapter  3.  chapter  4  deals  with 
the  design  of  ths  SAR  testbed  PHARS . 


2  THE  NETHERLANDS  DIGITAL  X-BAND  SLAR 

For  many  years  a  digital  X-band  soar  system  has  been  used  for  radar  remote  sensing 
research  in  The  Netherlands.  It  dsmanstratsd  the  oossibilitlaa  of  radar  for  remote 
sensing  applications.  Soma  propsrtiss  of  this  system  are  given  in  table  1. 

frequency  i  9.4  CHz  (X-band) 

tranemittod  power  I  25  kW 

pulselength  I  50  /  250  ns  (7.5  /  37.5  m) 

polarisation  I  HH 

antenna  beamwidth  :  10  mrad  (  . 6  0  )  tvuway 

P.R.F.  i  200  Hz 

recording  i  4096  •  e  bit  sampling  «  50  MHz  (3  m) 

internal  delay  line  calibration 

Table  If  Specification  of  SLAR  system  parameters 

By  using  an  Internal  delay  line  calibration  the  system  is  capable  of  delivering 
calibrated  images.  The  geometric  and  radiometric  distortions  in  the  captured  data  are 
corrected  off  line  witfi  a  computer,  This  process  makes  ueo  of  the  simultaneously 
rscordod  airaraft  attitude  and  position  parameters,  that  are  delivered  by  an  inertial 
navigation  system.  Alter  correction  and  resampling  images  of  high  quality  become 
available  [3].  A  high  image  quality  le  often  desirable,  for  instance  in  the  case  of 
multitemporal  crop  classification  [2,4]. 

Discrimination  between  various  agricultural  crop  types  in  one  radar  imago  is 
sometimes  difficult.  By  combining  several  images,  taken  under  different  incidence  angles 
or  at  different  times  in  the  growing  seauon,  unambiguous  classification  of  cropu  becomes 
possible.  To  enable  a  prosperous  identification  it  is  necessary  that  the  lmaqes  can  be 
cverloyed  on  to  each  other  and  that  the  reflection  coefficients  (grBy  values)  may  bo 
compared  between  Images. 


Figure  It  X-band  31AR  flight,  over  a  tosturea  in  the  Flevopoldsr.  Altitude  400U  m. 
image  dimensional  6  x  15  km. 

In  flqure  1  a  BLAR  image  is  shown,  taken  over  the  Flevopolder  In  The  Netherlands. 
This  area  has  been  used  frequently  in  remote  sensing  experiments,  The  aircraft  flew  at 
4noo  meter  altitude.  The  grazing  angle  ranges  from  60“  to  30°. The  Image  shows  the  line 
radiometric  and  geometric  quality  that  is  reached  through  the  previously  described 
correction  technique.  The  radiometric  accuracy  is  in  the  order  of  1  dB.  In  figure  1  the 
antenna  was  looking  to  the  left  and  tne  aircraft  moved  from  the  upper  right  corner  to 
the  left. 


IIM 

A  disadvantage  of  the  SLAR  technique  is  ths  degradation  of  the  azimuth  resolution 
as  the  range  increases,  This  effect  is  also  noticeable  in  figure  1.  For  example  the 
tht.ee  line  features  in  the  dark  field  just  above  the  small  town  in  the  lower  right 
corner  of  figure  1  are  responses  of  corner  reflectors.  These  pint  targets  are  imaged  as 
lines  due  to  the  reduced  azimuth  resolution  of  apporximately  75  meter  (3  dB  resolution 
measure).  The  resolution  reduction  is  one  of  the  reasons  to  move  over  to  SAR  technique 
in  a  new  radar  imaging  system. 


3  THE  PHARIJS  PROJECT 

A  fov  years  ago  three  institutes  in  The  Netherlands  developed  a  plan  to  design  and 
build  a  polarimetric  c-band  aircraft  SAR  system  of  a  novel  design,  meant  as  a 
replacement  for  our  current  SLAR  system.  These  institutes  are  the  Phyelos  and 
Electronic#  Laboratory  TNO  in  Ths  Hague,  ths  National  Aerospace  Laboratory  NLR  in 
Amsterdam  and  the  Microwave  Laboratory  of  the  Delft  University  of  Technology.  It  took  a 
long  time  in  1986  and  1987  to  raise  the  necessary  funding.  This  oan  be  seen  in  figure  2. 
As  a  result  the  system  will  be  completed  much  later  than  originally  expected. 
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I’ i  gun*.  :  block  diagram  ul  the  PHAROS  pro  jwt . 

Thn  pinna  lor  tho  PHARUH  SAR  art*  bannd  on  t.lu»  experience  that  was  built  up  with  the 
previously  described  programs.  Thn  choice  for  c-band  was  buried  on  the  development,  of  the 
KSA  ERR  satollLto  program  [5],  However,  our  Initial  hope  to  have  it  flying 
simul tnneounly  with  the  EHN-l  soems  to  bo  ur.ron 1 intic,  duo  to  the  earlier  mentioned 
delay  Buffered  from  fund  raiding.  The  SAR  testbed  PIIARS  will  no  flying  simultaneous! y 
with  thn  EIU1-1  now,  but  PIIARS  in  not  meant  to  bo  an  operational  ayatom.  Of  course 
simultaneous  Imaging  irs  ritlll  possible,  but  there  will  bo  novoru  limitations  on  the 
PIIARS  data . 

Figure  2  shown  n  block  diagram  of  the  PHARUS  project.  The  project  consists  of  two 
phases,  a  definition  study  and  a  realisation  phase.  Tho  definition  study  is  intondod  to 
Increase  our  knowledge  an  MAR  and  to  davolop  the  technology  thni  will  bo  used  In  tho 
final  system.  in  figure  2  It.  can  be  on  cm  that  throe  preparatory  studios  will  be  carried 
out  before  the  actual  PHARUS  system  is  designed.  These  studios  are  considered  to  bo 
essential  for  a  proper  design  of  the  PHARUS. 

Tho  system  will  have  an  active  array  antenna,  reason  why  n  preparatory  study  on 
antenna  technology  is  included.  Especially  the  problems  of  decoupling  between  the 
various  polarisations  and  the  integrated  antenna  dasign  (including  power  and  low  noise 


amplifiers)  will  bu  studied.  A  satisfactory  data  quality  from  a  polarimetrlc  SAR  may 
only  bo  expected  if  tho  antenna  fulfils  high  requirements , 

A  second  preparatory  Btudy,  the  antenna  motion  and  compensation  study  is  necessary 
to  build  up  experience  with  corrections  of  aircraft  or  rathor  antenna  movements.  The 
paper  by  otten  (7)  at  this  symposium  Lraats  the  subject  in  detail.  Since  the  aircraft 
motions  give  rise  to  serious  problems  in  UAR  imaging,  a  thorough  Btudy  is  necessary  to 
be  able  to  moat  tho  severe  oonditione  that  are  put  upon  a  modern  imaging  eyatem. 

In  the  third  preparatory  study  a  3AR  testbed  will  be  realised  in  the  aircraft  that 
will  probably  also  carry  the  PHARUS .  The  teethed  is  necessary  to  Btudy  general  problems 
of  aircraft  SAR  end  to  study  the  coherent  integration  processes  which  in  the  end 
determine  the  sensitivity  of  the  system,  Finally  the  testbed  oan  be  used  to  determine 
the  antenna  motion*  from  the  radareignal  (via  autofooue  technique*) .  The  result*  will  be 
compared  with  motion  measurement*  taken  from  other  seniors,  like  an  inertial  navigation 
eyatem,  gyro's  and  aocalerometare.  This  forma  an  important  input  for  tha  final  anoice  on 
a  motion  companeation  system.  Since  the  calibration  of  a  radar  equipped  with  an  active 
array  antenna  is  difficult  to  perform,  eeveral  calibration  echemee  will  be  tested  in  the 
PHARs.  Tha  next  chapter  treats  the  design  and  realisation  of  the  SAR  testbed  PHARS  in 
more  detail. 

Upon  completion  of  the  preparatory  studies  enough  ekperience  will  have  been  built 
up  to  design  the  polarimetric  PHARUS  system.  This  system  can  then  be  realised  in  the 
period  1991  -  1993.  Simultaneously  a  flexible  software  package  for  SAR  processing, 
aallod  PASAR  preprocessing  of  airborne  ?AR  data)  will  be  developed.  Apart  from  tha 
usual  SAR  processing,  this  software  package  shall  perform  geometric  and  radiometric 
corrections.  Ws  hope  to  make  uee  of  the  experience  that  was  built  up  with  the  processing 
software  for  tha  present  SLAR  system. 

It  is  still  to  early  to  give  detailed  specif ioations  for  the  PHARUS  system.  They 
will  be  fixed  during  the  design  phase.  The  plane  are  heading  for  a  polar imetric  SAR  with 
user  selectable  value*  far  resolution  (l.S  -  10  meter),  swath  (near  range,  tar  range  or 
wide  swath  with  reduood  resolution)  and  recorded  polarisations  (one,  two  or  four 
polarisations] .  The  frequenoy  will  most  probably  be  the  sane  as  used  for  the  PHARS! 
C-band  (9,3  GHz).  It  is  expected  that  tha  system  will  be  operational  by  the  end  Df  1993. 


4  DESIGN  OF  THE  SAR  TESTBED  PHARS 

In  table  2  sumo  key  parameters  of  tho  PHARS  are  qivon.  On  one  hand  this  testbed  can 
ba  considered  as  a  simple  SAR  system  with  a  limited  range,  on  tho  other  hand  it  is  a 
state  of  the  art  technology  testbed,  designed  to  test  modern  technology  for  the  PHARUS 
SAH.  A  einqla  patch  antenna  is  used  for  transmission  and  rnoeptlori.  This  antenna  1h 
rigidly  fixed  to  the  aircraft  (no  mechanical  motion  compensation) ,  Tho  beam  can  ba 
steered  in  aoarse  steps  of  3 . Su  to  compensate  for  the  average  driftangle.  The  horizontal 
beamwidth  of  the  antenna  is  wide  enough  to  eliminate  the  influence  of  aircraft  yaw,  once 
the  beam  la  corrected  according  to  the  average  drift  angle  of  the  aircraft,  which  may 
vary  botwaen  -12"  and  tl2u. 


r  i 
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Figure  3!  The  a  x  4  element  patch  antenno  for  tho  PHARS,  dimensions  are  3!i  x  lb  cm. 


-frequency  t 

-antenna  : 


-transmitted  power  ! 
■*PRF  : 

-pulsewidth  ! 

-dlgitiaation  i 

-range 

-resolution  I 

-azimuth  presummingi 
-aircraft  i 


5,3  GHz  (C-band) 

one  8x4  element  paten  antenna  for  transmit  and  receive 
beamwidth  9  *  24  degr,  VV  pul. 
coarse  step  beamateering  (3.5") 

160  Watt  peak  by  8  translators 
3500  Hz  (fixed) 

32  ne  (4.8  m)  after  compression 

12.8  U»  before  compression 

4098  camples,  8  bits  $  B7.5  MHz  (range  offset  IF) 

6  -  n. 7  km 

4.8  muter  in  range 

8  meter  0  *-»  looks  or  l  meter  aingle  look  in  azimuth 
IS  x 

Swasrimjen  Metro)  uaed  at  an  altitude  of  6  km, 
and  a  speed  of  100  m/a 


Table  2i  Propertiea  of  the  BAR  testbed  to  b«  realised  in  the  preparatory  etudy 
on  aircraft  sar  PHAnc . 


The  antenna  exiata  of  8  rows  of  4  elements  each,  as  can  be  seen  in  figure  3.  The  4 
element!  are  connected  by  tranamlsaion  linae  and  radiate  equally  to  narrow  the  vertical 
antenna  beamwidth  to  approximately  24°  as  daslrid.  Each  row  of  the  array  antenna  is 
aonnaoted  with  lte  own  microwave  module.  The  connection,  indicated  by  a  email  dlrcla  at 
the  top  of  each  row  ia  fed  through  tha  subetrata  to  the  microwave  module  at  the  baokaide 
of  tha  antenna.  Tha  32  aquara  radiators  art  equally  spaced  at  approximately  0.75  A.  The 
total  dimanelone  of  the  antenna  are  approximately  15  x  35  cm. 

The  use  of  distributed  power  generation  with  traneietora  instead  of  central  TWT 
(traveling  wave  tube)  power  generation  yields  a  much  smaller  than  usual  peak  power  in 
both  the  PHARS  testbed  and  the  final  PHARUS  ayetem.  Each  tranaiator  power  amplifier  in 
the  phars  delivers  20  Watta,  resulting  in  a  total  transmitted  powsr  of  180  Watte.  Byetsm 
sensitivity  ia  realiaad  by  tha  use  of  a  high  PRF  (3500  Hz)  and  a  large  pulso  compression 
ratio  of  400.  In  the  PHARUS  ayatem  the  peak  power  will  be  increaeed  to  approximately  2 
kW  and  poaalbly  the  pulae  compression  ratio  will  also  be  further  increased. 
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Figure  41  block  diagram  of  the  PHARS  system, 

In  figure  4  a  block  diagram  of  the  testbed  is  shown.  Host  of  the  microwave 
electronics  is  concentrated  in  tha  T/R  modules,  which  ars  described  in  the  next 
paragraph.  Tha  8  radiating  sections  of  tha  antenna  are  each  connected  to  s  module.  The 
modulae  are  connected  to  a  powar  aplitter/oombiner.  on  ths  left  elds  in  the  block 
diagram  the  frequency  generation  and  chirp  modulation  con  be  found.  The  upper  right  port 
is  tha  actual  receiver. 

At  the  backside  of  the  antenna  B  microwave  transmit/ receive  modules  are  maun  lad. 
Figure  5  shows  a  drawing  of  one  of  these  modules.  Die  module  measures  4  x  13  cm  and  is 
produced  in  ehrlpline  technology  an  Aluminumoxlde  substrate. 

These  modules  contain  a  two  stags  FET  powar  amplifier,  a  low  noise  amplifier,  a  limiter, 
a  4  bit  phase  shifter  and  2  SPOT  switches,  to  actuate  either  tho  receive  or  the  transmit 
channel.  The  power  traneietora  are  switched  on  just  before  transmission  of  the  pules, 
and  switched  of  immediately  afterwards  to  reduce  the  consumed  electrical  power.  Tho 
noise  figure  of  the  receiver  chain  ia  1.3  dB. 

A  power  aplitter/comblnar  network  oonnecto  Uiw  0  modules  with  tha  actual 
transmittar/recaivar,  The  transmitter  usee  a  dielectric  resonance  oscillator  (DRO)  to 
generate  the  microwave  carrier,  The  DRO  ia  phase  locked  to  a  crystal  oscillator,  The  5.3 
OHt  signal  is  modulatsd  by  a  aingle  side  band  modulator  with  a  digitally  genaratsd  I'M 
chirp  of  31  MHz  bandwidth. 


antenna  low  noise  amp.  two  stage  power  SPDT  4  staqe  spl Itter/oomb, 
connect.  3PDT  switch  amplifier  switch  phase  shifter  connection 

Figure  St  The  T/R  microwave  module,  f)  of  these  are  used  in  the  PHARS. 

The  receiver  chain  is  rather  straight  forward i  the  microwave  signai  is  converted 
down  to  350  MHz,  the  IF  frequency.  This  rather  high  frequency  is  ohonen,  because  tho 
PHARUS  system  will  use  an  increased  bandwidth  of  approximately  100  MHr,  necessitating  a 
high  IF  frequency.  The  output  of  the  IF  aeation  ia  mixed  to  an  offset  frequency  of  21 
Milo  and  then  A-D  converted  in  8  bits,  with  a  87.5  MHz  sampling  rate. 

The  range  lines  are  produced  at  a  rate  of  3500  Ho,  beihg  the  radar  PRF .  The 
aesoaiated  datastroam  ia  much  too  largo  to  acore  on  magnetic  taps.  Our  interest  goes  to 
the  dopplerband  between  -50  and  +  50  He,  which  corresponds  to  the  indicated  4  look 
azimuth  resolution  of  6  matar.  This  bandwidth  oan  ba  sampled  by  the  recording  system  at 
a  maximum  value  of  318  Hz.  To  reduce  the  range  line  frequency  of  3500  Hz  to  u  218  Hz 
sampling  rata  and  to  filter  out  the  doppler  components  outside  our  band  of  Interest ,  a 
Finite  impulse  Response  filter  (FIR)  is  used  as  a  weighted  presuntmor.  This  presummer 
attenuates  frequencies  outside  the  interval  -164,  +164  Hz  at  least  30  dB,  na  shown  in 
figuro  6.  rn  addition  the  antsnna  oharaoteristio  furthar  reduces  the  amplitudes  of  such 
high  doppler  frequencies,  because  they  oome  from  targets  that  are  at  the  edges  of  tho 
antenna  beamwidth.  Ths  doppler  frequency  transfer  functions  of  the  antenna  and  tho  FIR 
presummer  are  given  in  figure  6.  This  plot  showe  theoretical  values)  measurements  are 
not  yet  available.  The  reduction  in  dopplerbandwidth  by  tho  FIR  filter  ahnex  presummer 
Is  clearly  shown. 


0  Hz  109  218  -  -  doppJerfrequnncy  -  -  656  Hz 

Figure  6 i  Antenna  (line  with  plusess)  and  azimuth  filter  (straight  llns)  characteristic 
as  a  function  of  duppisr  frequency. 

The  digital  data  remaining  after  azimuth  presumming  with  a  factor  of  16  will  be 
recorded  on  a  HBR  (High  Bit  Hate)  recording  eystum.  This  system  ie  also  used  lor  the 
EJLAH  and  ths  DUTSCAT.  Apart  from  the  azimuth  prssumming  there  1b  no  on  board  processing 
for  the  testbed,  By  getting  dawn  ss  much  data  ae  possible,  very  flexible  experiments  are 
enabled  with  the  system  at  ths  coat  of  long  processing  times.  This  ia  not  a  major 
disadvantage  since  the  amount  af  datu  that  will  be  gatherod  with  the  testbed  ie  small 
anyway.  After  all  the  testbed  PHARS  in  not  an  operational  system. 

The  aircraft  that  ia  used  in  the  project  ia  a  Bwanringen  Metro  II,  a  twin  engine 
husineee  piano,  ownud  by  NLH  and  in  use  ss  a  laboratory  aircraft.  It  will  fly  the  iHAMS 
and  the  PHAHUS  at  an  altitude  of  6000  meter  with  a  speed  of  approximately  100  m/s.  The 
airoraft  ie  equipped  with  various  eenoore  to  acquire  aircraft  attltide  and  position. 
Among  othera  an  inertial  navigation  system,  equipped  with  lasergyro's  la  available.  The 


delta  of:  those  sensors  nre  also  recorded  on  t.ho  MMH  record inq  system  that  in  used  for  the 
radar  data. 

The  PHAK3  ia  mounted  In  the  middle  section  of  a  standard  N-uontninor  (bomb),  n 
cylinder  of  45  cm  diameter  and  Lonqth  over  1  motor.  This  container  is  attached  under  the 
tinelaqe,  close  to  thn  center  of  qravity  of  the  aircraft.  At  thin  position  the  influence 
of  unwanted  oircrafted  motions  is  minimal  nnd  the  sensors  of  tho  inertial  navigation 
system  ore  noarby. 


5  CONCLUSIONS 

Beuring  in  mind  the  experience  in  remote  sensing,  build  up  over  more  than  ten 
years,  a  polar imetric  SAR  system  is  designed  in  Thu  Netherlands. 

The  project  is  carried  out  in  two  stops.  In  this  paper  the  i.ir«t  step,  consisting 
of  a  SAR  testbed  and  preparatory  studies,  is  described  in  detail.  This  SAR  system  will 
have  limited  capabilities,  but  ia  good  enough  for  a  number  of  essential  experiments  and 
servra  the  purpose  of  acquiring  expurionco  with  aircraft  SAR  and  ito  technology. 

The  system  ia  built  up  with  state  of  the  art  technology,  Remarkable  features  are 
the  fixed  antenna  (no  motion  compensation)  and  tho  low  peak  power,  generated  by  solid 
dtato  devices.  This  low  peak  power  gives  the  oystorc  a  vory  low  probability  to  intercept, 
an  important  feature  in  operational  military  applications. 

The  solid  state  technology  r«-hiocu  the*  dimensions  of  the  radur  considerably  and 
avoids  the  use  of  potentially  dangerous  high  voltage  power  nupplios  for  TWT's.  The  use 
ol  MMIC'o  in  the  PHARUS  ia  investigated  in  the  preparatory  study  on  antenna  technology. 
Application  of  MMIC's  would  further  reduce  the  dimensions  of  the  radar  system. 
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Author *  Reply 

Tlu?  PI  IAKUS  program  is  .supported  hy  the  Ministry  of  Defense  uml  the  Nuliniuil  Kcnmie  Sensing  Ihmii1.  We  try  to 
inuiiporntc  in  i  pin  Ian  ( reseiisvii  subjects  from  both  communities.  The  design  of  the  SAP  icsihcd  urul  nt  the  PI  IAKUS 
pnliir inict lie  SAU  is  ehartetenseil  l.y  low  peak  power,  high  I'Kh  mu!  high  duly  evile.  combined  with  ;i  lrei|iiei»ey  chirp, 
i  iolli  the  niililmy  point  of  vit*'\  this  "spread  .spectrum  leehnli|ue"  iiulml  cniiliibutcs  to  u  decreased  vuliuriihilily  nftlu1 
system  uml  Its  curriei  dm-  In  emiltid  ntdiaiinn.  Ai  the  same  linie  t* high  •  therein  imegiatioii  gain  expected  with  this 
system  makes  jamming  moie  difficult  > 
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l  Abstract  ■,  '(  J 

ROBAR  (Rotor-SAR)  U  a  synthetic  aperture  radar  concept  based  on  rotating  antennas  of  a  helicopter  for 
pilot  sight  target  detection  and  target  localisation  with  high  resolution,  Tha  ROSAR  concept  has  potential 
benefits  for  civil  and  military  hellcoptvrborne  imaging  application,  if  the  antennas  are  mounted  at  the 
tipi  of  the  rotor  blades,  for/4xample  (Fig.  if.  The  ooncapt  has  two  main  potential  benefit*,  that  are,  the 
imaging  fiald  of  view  is  180'  and  there  is  no  need  fur  s  forward  velocity  of  the  carrier  platform.  Ai  op¬ 
posed  to  SAR  system  based  on  linear  movement  of  the  antenna  ROSAR  imaging  ia  based  on  synthetic  apterures 
of  a  circular  ihapa.  Thue,  the  image  formation  process  requires  a  polar  format  processing  architecture. 

The  ROSAR  principle  ia  also  applicable  for  other  radar  mapping  systems  with  rotating  antennas,  not  only 
for  helicopters* 


1*  Introduction 

ROSAR  has  been  investigated  theoretically,  by  slmulaticni  and  by  experiments,  all  haled  on  an  ldeallaad 
circular  movement  of  the  transmitting  and  receiving  antenna  with  conatant  angular  velocity.  The  concept 
consists  of  a  pulsed  radar,  A  point  target  in  t.he  illuminated  swath  generates  a  received  signal,  which  may 
be  correlated  with  the  corresponding  reference  function  to  a  point  spread  function.  If  this  processing  is 
done  coherently,  a  synthetic  aperture  of  circular  segment  shape  would  be  formed.  The  heart  of  the  ROSAR  ia 
the  ■>!>•' rial  processing,  where  the  received  raw  aignals  are  correlated  by  internally  generated  or  stored 
reference  slgn«iu  w’th  the  result  of  angular  compression,  thus  gei- ting  a  high  angular  resolution. 

By  simulation  techniques  wa  have  investigated  the  real  angular  resolution  depending  from  the  above  mentio¬ 
ned  parameters  and  additional  other  parameters  which  bucome  important  in  tha  future  application.  Wo  have 
also  investigated  In  which  ranges  special  reference  signals  or  a  common  reference  signal  can  be  usmi  de¬ 
pendent  from  the  tolerable  angular  error. 

In  accordance  to  the  theoretical  reaults  and  to  the  result*  of  tha  simulations  we  have  made  an  experiment 
with  a  real  rotating  antenna  but  of  course  with  a  scaled  down  angular  velocity  of  the  rotor.  The  illir  lus¬ 
ted  swath  consists  of  meadows,  buildings,  bushes,  trees  and  of  4  corner  reflectors  in  a  known  posU^  i. 
Thus  we  can  proof  the  results  of  the  theoroticai  investigations  and  simulations. 

2.  The  ROUar  Concept 

Fig,  P  illustrates  the  basio  ROSAR  configuration  with  the  J.ilumlnatlng/teoeiving  antennas.  The  antennas 
are  mounted  at  thn  tips  of  the  rotorbladea,  whereby  a  circular  ring  shaped  awath  is  Illuminated,  The  ac¬ 
tual  ilium  in  At  It  n  geometry  depends  on  the  altitude  ll0  above  ground,  tha  elevation  antenna  pattern  i  and 
the  depression  sngle  a. 

At  each  position  along  the  track  of  the  antenna  at  the  circumference  of  the  circular  path  the  radar  pulaes 
are  coherent  tranamltted,  coherent  received  end  stored.  The  angular  distance  4a  ■  e0/fp  with  the  angular 
velocity  e0  and  the  pulse  repetition  frequenay  fp  la  aqulvelent  to  the  int.erpulae  period  tp  ■*  l/f,,  by  li¬ 
near  movement  of  the  antenna.  Since, the  l  Humiliated  swath  in  a  circular  ring,  the  signal  processing  Is  <i 
function  of  rotation  angle  a  ■«  e^t. 

3.  basic  Doppler  Discussion 

The  antenna  geometry  for  a  single  rotation  Is  11  Lust  toted  In  Fig.  ?  with  the  Haaumpljoti  th.rt  the  ground 
range  to  target  K30  at  a  *>  0*in  much  greater  than  the  length  of  the  rotorbladra  !.  end  the  altitude  al.»*v* 
ground  H,.  !»e.  R.3f)  >>  I.  and  R<j0  ?>  IU* 

For  Doppler  calculation  the  following  mod l Hoot  Inn*  ore  assumed i 

-  tie  forward  velocity  of  the  canlei  platform 

•  the  antenna  phase  center  is  ■■aumed  to  be  al  the  tip  ot  the  rot  orb  led* 

-  only  one  point  target  la  Illuminated 

-  Inelastic  mtorblades , 

A  point  target  In  the  illuminated  scene  generates  a  time  periodic  Doppler  rul ft  fn  in  t.he  carrier  frequen¬ 
cy  fr>  of  the  braiwmitteri  signal  Sf  [1|,  For  Doppler  processing  the  •*»»-,#  ta,get  R  must  bo  calculated  first 
(Fig,  .?} ,  The  range  to  target  T  la  with  the  angular  velocity  e0  and  rne  rotation  angle  a  «  unt\ 

R<t)  -  R^o  -  l*  •  aoe  »ut  .  (1) 

For  m  tiensmllted  signal 

St  It)  *  At  (*■-)  *  cos  2*fct  ,  (?) 

the  received  signal  SP  with  the  time  periodic  Doppler  shift  results  to 

Unit)  "  A*  (I-  -  "  -'-"RUl1 1  •  oo«  Vitlf  It.  -  ) .  U) 
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Tor  far  rang*  target*  with  R^u  l*  equation  (14)  simplifies  to 
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A  point  target  o  ia  illuminated  during  the  rotation  angle 
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with  o  *  *„t .  For  fi,*o  »  1*  equation  (16)  simplifies  again  to 
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5,  Aiimuth  Reiolutlon 

In  9AR  systems  the  azimuth  resolution  ia  do fined  by  the  point  uptnaJ  function,  which  U  the  reaponae  of 
the  system  to  a  point  target.  The  point  apread  function  Sn  results  from  correlation  or  the  received  ai.ghal 
with  th«  reference  function.  This  ptoaeai  i.i  a  simple  way  to  oonaider  matched  H.lterlng.  When  the  Lacaived 
aignal  and  the  reference  function  ata  matched,  the  output  of  the  correlator  hen  hi*  maximum.  In  J. inear  SAK 
ayatema  the  oorreiator  output  ia  a  a  I  no- function  and  the  time  resolution  is  Inversely  proportional  to  the 
Doppler  bandwidth  Bn«  In  moat  common  definitions  [?]  the  atlnukb  raaolution  .1*  given  by  the  -.1  dB  width, 
which  ia  the  angle  or  dlatance  between  the  point*  3  dB  below  the  peak  value  of  the  point  apread  function* 
maihlohe,  The  -3  dB  polnU  correspond  to  the  half  power  level,  respectively  t.n  the  0, T O’)  (^0,5)  level  of 
the  amplitude. 

At.  R03AR  the  point  apread  function  s0  la  not  a  sine -function  but  for  y  ♦*  1B0°  In  oaae  of  R,JfI  >>  L  and  IV, 0 
»  lie.  *  Beaael  function  0o  first  kind  of  ordeL  0,  l.e. 

MM  -  Jo  (  Jf-  ■  1'  ■  «.]  (JO) 


aa  a  function  of  the  angle  difference  a,.  Fig,  6  show*  the  absolute  Son  of  the  point,  spread  function  5i 0 , 
normalised  of  the  maximum  value  d,>(fl)i 


fln*(M 


(21) 


«a  n  function  of  the  angle  difference  u,,  wlunnby  tv,  la  n<M»ral  lr.«<l  to  *  hr  quotient  X  / 1»  In  Ftq.fi,  P'lg,  h 
nhnwn ,  that  the  best  attainable  angular  leaotut  loti  flan,,,**  Is 


“esmiiR  “  j,  « 


(22 ) 


This  equation  (22)  foi  n Aftm am  lx  only  valid  fm  y  ■-  100"  end  H,ar,  I.  imped  Ively  H,Jn  ■*>  H,.,.  The  highest 

sl  da  lobe  of  So*{at)  ia  1,5  dB  beLow  the  malnlobe  in  con  braid.  t.o  the  crlnc-f  utiollon  of  the  linear  SAP,  wlim  * 
the  highaat  side!  ole  )a  13,2  dB  below  the  malnlobe. 

For  other  heamwidbh*  y  the  azimuth  resolution  can  be  entlinated  with  tire  aid  of  the  theory  for  signals  wlih 
large  Lime  bandwidth  product,  l.e.  T*»  •  13,,  '•>  l,  because  time  resolution  of  the  compressed  pulse  Is  then 
inverse  to  the  Doppler bandwidth  Bi>  (J|.  The  time  resolution  Tor  linear  MAh  At  ->  l/B,,  In  nt  HOflAR  oqulv.v 
lent  to  the  angular  resolution  Au  ■<  «0  •  At  ■,,/»(,.  If  the  easuiiiptlon  of  large  time  bandwidth  product  l* 
valid  and  With  IVjn  »  b  respect ivaly  R,,n  >>  H(1  the  angular  resolution  aKr,  for  ROflAlt  with 

Bn  -  2  '  I I  *  —  •  .In  (p  (ill 


will  become 


X _ 

4  '  1.  •  .In  (|) 


_ X _ 

5  '  l  ■  «ln(p 


l?4) 


...  -  0,89  ■  £ 


0,98  ' 


M«l 

The  rtiimuth  resolution  «Ar.  1*  Independent  of  the  angular  velocity  With 


the  arimuth  resolution  for  HOSAR  can  be  calculated.  For  y  >»  160*  aquation  (25)  li  equal  to  aquation  (22), 
which  waa  derived  by  the  Retail  function  Jo.  Fig ,  7  showa  the  angular  resolution  a**  aa  a  function  cf  the 
beamwldfch  y,  whareby  the  time  bandwidth  product  ia  great  enough  for  calculating  equation  (25).  In  a  dl- 
itanae  Rq0  the  arimuth  raioJution  In  metres  la 


A*  "  «*«  '  R<»o* 


(?6) 


Tha  range  resolution  Ar  ia  the  reiolution  of  the  pulsed  radar.  With  the  trenimltted  pulse  length  t  and  the 
apeed  of  light  cy  the  range  resolution  Ar  la  for  1  and  R<j0  >*  Hol  1 ■  01 


tt  -  a-jJ.  , 


121) 


6,  The  Range  Curvature  Problem 

While  travelling  along  the  circular  synthetic  aperture,  the  range  to  target  doea  not.  remain  constant  {Fig, 
6),  The  curvature  AR^*  of  t.he  aynthetio  aperture  ia  for  Ft?0  >>  l,  reipectlvely  R<jo  >>  ll*  primarily  caused 
by  tha  radiui  of  rotation  L  and  tha  antanna  beamwidth  y  and  ia  practically  independent  of  runge  to  target i 

4)V„  -  t  •  [l  -  00.  (J|).  |2#l 


Now  we  must  determine,  how  many  range  cells  At  are  associated  with  ARmaa.  If  AR,nlR  La  for  Instance  leas 
than  the  half  of  the  range  cell,  the  range  curvature  problem  nan  be  ignored.  In  the  other  e.iae  a  correct!* 
on  must  be  done. 

Tha  maximum  possible  range  curvature  ARm>4Jt  with  y  m  1U0*  .la  the  length  of  the  rctotbladn  L  (eg,  28).  Fig, 
9  ahowa  the  shape  of  Af^**  aa  a  function  of  the  beamwidth  y.  Beciuiv  AR,11-m  in  for  a  given  hesmwldt.h  y  ll- 
mitad,  a  oorraotion  ia  easily  possible. 

7.  Experiments  with  a  Rotating  Platform 

At  the  DLR  In  Obetpf affenhofen  a  first  HOSAR  experiment  with  .)  real  rotating  antenna  but  of  comae  with  \ 
scaled  down  angular  velocity  of  the  .totorbiade  has  been  done  to  establish  the  remits  of  the  theory  and 
simulations,  The  radar  ia  a  non  oat  a  tic  pulsed  radar,  l.e,  a  common  entemm  ia  used  Toi  both  transmitting 
and  recalving.  In  a  known  position  four  corner  reflectors  were  posit  ioned  and  used  Tor  demons!. rat  Ion  of 
the  er.imuth  resolution.  The  received  echoalgnal*  have  been  measured  .In  the  I  and  Q  component's  and  the  je  - 

calved  signal  has  bean  correlated  with  Lite  reference  function  to  a  point,  spread  function.  Fig,  10  shews 

the  geometry  of  the  measurement  oon.f lguratton  for  the  rotating  platform  and  the  Illuminated  swath  with  (he 
reflector*  in  e  radial  distance  of  26  5  m  end  in  an  angular  position  between  «L  "  22V  and  ny  «  240".  The 

parameter  of  the  neaauremnnt  geometry  are  given  In  Table  l,  In  consequence  nf  the  low  altitude  H,  »  ?,S  s 

the  depression  angle  •  is  given  to  0*. 

The  measured  data  were  stored  and  processed  by  the  Kxperl  mental  Radar  Measurement  ays  tern  HARJK’AT  of  the 
Dl.R,  SARSCAT  is  a  coherent  t-band  Radar,  fable  2  aumitmt  I  re*  the  parameter  of  the  measurement  equipment. 

With  the  transmitted  pulse  length  t  of  200  ns  the  lange  r uaalulJ on  Ar  is  JO  m  and  the  Intel  number  of  ten¬ 
ge  bins  is  N  ■  SN/Ar  **  8, 

Teble  3  summarises  some  ROflAR  design  piremet.ern  for  the  fourth  range  Mu  with  the  com«r  tel  lectors  In  ,i 
radial,  rijatence  R^  -  265  m  and  an  angular  position  between  2?H*  and  240*.  p*<»i  this  configurntloh  thn  .‘«l- 
on J ah  Ion  of  the  design  parameters  could  bn  dmie  with  the  .is sump!  Ions  Rti„  •>>  I.  .in* l  r,i(,  •  *  ll.,, 

A  norreutlrn  of  Range  Curvature  Is  not  necessary.  Fig,  It  shown  the  In-phase  iM  [Fig,  Ms)  and  U,«  ■  ju r« - 

drat, me  part  Q„ 4  {Fig,  lib}  of  the  received  slgnnJ  n„4  an  0  function  *>f  mlal-lon  angle  n  «•  #,1.,  Th«  te.-el- 

ved  aiynal  of  the  fouith  tange  bins  has  Imen  uonwUled  with  the  tefwrem'o  fuinrilon  SK4  i.n  a  point 

spread  function  floa*  Mg.  12  shows  the  reference  signal  3ra  with  the  !h-pliane  lr4  ( A'f .7 .  /.’a)  and  t  hr  pu 
drature  part.  Ur4  [Fig.  J  2h) ,  l.e. 


a7  tmutli  t>»anit  Idth 

7 

4  b  ° 

**  l  MV«l<  1  -  Ml  lit*  iVWl'l*  *, 

i 

IS* 

depression  ai-gte 

• 

0* 

a.l  t 1  tude 

Ho 

?.,  5  m 

distance  to  swith 

Rrjo 

160  n 

swath  wldtn 

SW 

240  m 

radial  distance  to  reflector* 

Rg* 

265  m 

angular  position  of  reflectors 

■l 

225* 

«2 

?.AQm 

. . "  """r 

Inter®*  distance  between  reflectors 

A  X 

15  n 

length  of  rotorblade 

II 

ft  in 

angular  velocity 

*0 

0,2  «-» 

croaaection  of  reflector. 

0 

100  m* 

table  li  Parameter  of  the  measurement  geometry. 


frequency 

fr- 

1290  MHr, 

polar! sat ion 

VV 

peak  power 

h- 

50  W 

transmitted  pulse  length 

• 

200  ns 

receiver  bandwidth 

E„ 

5  MHr 

pulse  repetition  frequency 

1"  r 

UKi  Ha 

range  resolution 

V 

*•0  tu 

Table  2 i  Parameter  of  the  RARSCAT-Mea  a  uroment  system. 


Fynthetlc  Aperture  length 

S 

1,82  m 

Range  Curvature 

^Rftl«K 

0 1 A  8  m 

tip  velocity  of  rotorblarle 

V 

1,7  ms “ 1 

Integration  time 

T„ 

4  a 

t. umber  of  pulses  per  Aperture 

Z.CI 

1200 

tolal  number  of  pulses 

'•e 

9f.on 

Doppler  bandwidth 

Hr. 

8  Hr. 

Tab l a  .1 !  Sumo  ROfiAR  design  parameters. 


a?  a  function  the  angle  difference  >tt,  The  alsoL.te  of  the  point,  spread  function  f«U4  i *i  ampIPude  1 
the  function  S)4  normalized  to  the  maximum  value  Snattmn* 


Si'H  4  (tl  1 1 


StULiSxl. 

sMmax 


m 


f/g.  1 7  shows  the  poln».  spread  f^.vtlon  SnB1,l*r)  with  the  four  corer  r*f lectors  In  an  angular  position 
between  ?.?5*  and  24..', 


With  the  merit  toned  parametai a  the  theoretic  azimuth  resolution  is  wirh  equation  (25‘  \ 


With  ^4  »  2^5  m  the  azimuth  resolution  in  distance  Is 


Ax  »•  «M  •  f^4  «  5,2  m.  (S3) 

rig,  14  shows  a  detail  of  the  point  ipread  function  8oe«  (er)  between  220*  and  240s  to  oompare  the  attai¬ 
nable  azimuth  rasolution  of  the  R03AR  with  the  reioiutioh  of  a  rotating  antenna  with  real  array.  Fig.  14 a 
•hows  a  rhoto  of  the  illuminated  scene  with  the  four  corner  refleotora  and  two  traffio  signs.  mlg,  13b 
shows  the  display  of  a  rotating  antenna  with  a  real  array  9|»«(a)»  Thii  image  i<i  produced  by  the  motion  of 
the  antenna  along  tha  air aumf trance  of  the  circular  path.  The  resolution  of  a  real  array  la  obtained  by 
the  antenna  beamwidth  ?  [4].  Tha  azimuth  resolution  is  approximately  133  m  and  the  refleotora  reipeotively 
traffic  aigna  can  not  ba  raiolvad.  Fig.  14c  shows  tha  point  apraad  function  8os«(ex)  of  the  AOSAA  with  en 
azimuth  resolution  of  1,2s  and  1,3*,  i.e.  ax  is  approximately  5.2  m«  With  this  resolution  the  refleotora 
oan  ba  resolved,  but  the  traffic  signs  with  a  lateral  distend*)  of  4  m  can  not  be  resolved. 

8.  References 

(1]  Klausing,  H.,  Bsrtach,  N.,  BUQwettar,  C, ) 

"A  mm-wave  s AR  design  for  helicopter  application  (ROSAR>"; 

Conference  Proceedings  of  the  16th  Kuropean  Microwave  Conference,  Ireland,  Sept,  1986,  pp.  317-328, 

(2]  Pike,  T.K, i 

"SAP,  image  Quality t  A  Review" \ 

DPVtiR-MitteUung  (DPVLR-Mitt ,  85-07),  1985. 

(3]  Schwartz,  M ,/ 

"Information  Tranemiia.iun,  Modulation,  and  Noise") 

Mo  CJtiw  Hill,  1907,  Chapter  2. 

(4]  Moore,  R.K. ) 

"Radar  Fundamental!  and  SaattaromaterO 

Manual  of  Remote  Sensin' /,  Vol.  I  (Theory,  Instruments  and  Techniques);  American  Society  of  Photogram- 
met  ry,  1983,  Chapter  9, 

9.  Acknowledge* jnt 

This  work  was  performed  under  •  joint  DLR-MBB  resea^oh  sponsorship  from  1983  to  1988.  Tha  continuing  sup¬ 
port  and  assistance  m\  well  as  many  helpful  discussions  by  Dipi.-Ing.  N.  Bartsah,  DIR,  are  gratefully 
acknowledged. 


Figure  In  Hlgnal  °R  tV'*'  ^ ^ > ' 


Synlhillo 


I 


I 

1* - 

Fi«u»  »  Circuit!!1  otmpud  tiyntl^tic  *PT*»«- 


14-12 


Hijuro  till  /Himutli  ltiiuol.ut.lon. 


DISMISSION 


R.KIomm 

I  low  ilt  101  K(  )SAK  iHirliinii  when  the  helicopter  Is  moving?  I )o  yon  expect  additional  rexoluli'in'! 

Author's  Reply 

When  the  helicopter  is  moving  we  then  liuve  to  coiistmct  several  velocity  imlivlilunl  rolcrciiec  fintclitnis  11ml  the  signal 
processing  will  hccomc  very  utorecottipllcuteil.  Alt  iiddllioniil  resolution  could.  In  principle,  he  expected. 
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The  capabllitiea  of  blatatlc  aynthetio  aperture  radar 
to  provide  rapid  update  rate,  real-time  covert  radar 
surveillance  to  the  military  user  are  considered.  The 
spatial  resolution  and  sensitivity  achievable  from  a 
tactical  system  using  a  small  RPV-borne  transmitter 
and  a  static  ground  based  receiver  are  discussed  and 
the  relative  advantages  of  two  distinct  types  of 
emission  modulation  are  examined.  Finally,  a  number 
of  areas  requiring  further  study  are  identified. 


1. 


Introduction 


I VI 


Biatatic  synthetic  aperture  radar  (BAR)  is  a  combination  of  the  bistatio  radar 
configuration  nnrt  the  high  resolution  processing  techniques  which  have  been 
developed  for  BAR.  With  this  technique,  motions  of  either  the  transmitter,  or 
the  receiver,  or  both  transmitter  and  receiver  are  used  to  facilitate  the 
generation  of  synthetic  transmit  and  receive  apertures  by  the  processing 
algorithms. 


The  value  of  this  technique  for  battlefield  surveillance  is  Its  potential  to 
provide  the  level  of  covert  surveillance  capability  to  the  user  which  is  usually 
associated  with  passive  systems.  These  systems  use  natural  emissions  from  the 
target  and  soene  for  the  imaging  process  and  are  usually  capable  of  high  angular 
resolution  hut  do  not  easily  yield  ranging  data.  The  particular  strength  of  the 
blatatlc  BAR  technique  la  that  It  combines  the  covert  nature  of  passive 
surveillance  with  the  accurate  ranging  capability  usually  associated  with  active 
Bystoms  such  sh  radars  and  Ildars. 


The  specific  feature  of  histatic  systems  which  provides  the  user  with  a  covert 
surveillance  capability  Is  the  potentially  large  separation  which  can  exist 
between  transmitter  and  receiver.  This  separation  meant!  that  there  is  no  guiding 
omission  which  might  lead  to  retaliation  against  the  UBcr  who  is  located  at  the 
receive  site. 


The  transmit  element  Is  however,  vulnerable  and  careful  consideration  must  be 
given  to  the  mitigation  of  the  associated  system  vulnerability.  The  prime 
function  of  the  transmitter  is  to  illuminate  the  scone  on  behalf  of  the  receive 
elements  therefore  It  should  be  recognised  that  concealment  of  emission  Is  not  a 
viable  approach  to  the  mitigation  of  vulnerability.  It  Is  felt  that  a  more 
realistic  approach  Is  to  attempt  to  win  the  attrition  costs  on  behalf  of  the 
transmitter  and  make  the  cost  of  its  destruction  unacceptably  high.  Particular 
features  that  promote  this  approach  are  the  following: 

i)  design  the  tranamit  platform  around  a  cheap,  remotely  piloted  vehiole 
(RPV)  and  aim  for  a  cost  which  allows  the  platform  to  be  regarded  as 
throw-away.  ThiB  approach  alnm  to  win  the  attrition  cost  against  an 
anti-radar  mlHslle  as  the  probable  attack  weapon. 

il)  design  the  platform  to  bo  small  so  as  to  be  less  vulnerable  to  artillery 
attack. 


V 


is-: 


Finally,  the  general  benefits  provided  by  thta  type  of  surveillance  syetei 
include; 

*  the  provision  of  precise  range  data 

*  day-night,  operation 

*  an  inaging  capability  of  conparabls  spatial  resolution  to  thermal  IR 

*  excellent  cloud  and  rain  penetration  -  better  that  thersal  infra-red 
systens 

*  a  quasi  "aovie"  inaging  capability  with  inage  update  rate*  around  one 
frame  par  seoond 


2.  Systea  Geometry 


The  particular  biatatic  eyaten  conaldered  in  this  paper  i*  one  in  whioh  the 
transeitter  ia  eountud  on  a  cheap  RPV  and  the  receiver  is  stationary,  and  ground 
baaed.  Use  is  then  made  of  the  plntforn  notion  in  the  proceeding  algorithns 
aeaoclated  with  the  receive 
element ,  to  syntheeise  a  very 
long  trananlt  aperture  and 
thereby  provide  the  very  high 
spatial  reaolutlon  (•  8  netres) 
needed  for  surface  surveillance 
and  the  detection  of  tanks. 

The  principal  elements  of  s 
bletatic  radar  system  are  shown 
In  Figure  1,  where  it  can  be 
seen  that  the  transmitter 
i Humiliates  the  scene  whioh  is 
to  be  observed,  and  uignale, 
backaoatterod  fron  the  scene 
together  with  signals  direct 
fron  the  trananitter,  are 
intercepted  at  the  reoelver. 

The  geoaetry  associated  with 
biatatic  radar  svstena  is  more 
complicated  than  that  aaaociatad 
with  nonostatic  radars.  In  t.he 
biatatic  configuration,  range 
bins  are  forsed  on  ellipsoids  of 
revolution  with  foci  at  the 
transmitter  and  receiver 
locations.  The  range  bine  whiah 
lie  on  the  ecene  surface 
therefore  lie  on  the  ellipses 
whioh  are  aluo  visible  in  Figure  1.  Each  of  the  ellipses  marks  the  location  of 
a  contour  of  constant  tine  difference  on  the  path  trannnitter-target-recelver, 
and  uo  it  can  be  seen  that  thero  ia  no  sinple  relationship  between  tine 
difference  and  range  fron  receive  location  to  target  (as  is  the  case  with 
monostatic  systems).  Bather,  there  is  a  lore  complex  relationship  in  which 
range  and  time  are  a  function  of  bearing  and  Iransnitt.er  location. 


3 .  Spatial  Resolution 

it  is  connon  practice  to  divide  the  Inage  produced  by  an  inaging  system  into  a 
two  dimensional  array  of  contiguous  pixels  whose  spacing  is  of  the  order  of  the 
system  spatial  resolution.  In  particular,  a  radar  inage  is  usually  arranged  so 
that  one  axis  of  the  Inage  conforms  to  the  direction  of  increasing  tine  delay  - 
tho  range  direction  -  and  the  other  axis,  to  the  direction  perpendicular  to 
range  -  often  called  the  asimuth  direction.  With  the  bistatic  BAR  system  under 
consideration  here,  it  is  convenient  to  adopt  the  same  structure  and  associate 
the  range  direction  with  the  direction  of  the  trantsitter/reoeivor  baseline. 

The  imaging  process  in  this  case  therefore  uses  the  tine  diffeience  between  the 
direct  pith  (transmitter  to  receiver),  and  the  acatter  path  (transmitter  to 
target  to  receiver).  However,  in  order  to  cospletely  deternine  the  range  fron 
target  to  receiver,  two  additional  pieces  of  information  are  required,  range 
from  transmitter  to  receiver  and  bearing  of  the  target  relative  to  the  receiver. 


I5-.1 


Having  thus  determined  the  range  associated  with  a  given  target  return,  the 
target  is  thereby  located  as  lying  within  a  range  bin  whoBe  length  can  be  very 
short  but  whose  width  )»  identical  to  that  of  the  receive  antenna  beam.  Suppose 
now  that  the  receive  beam  is  maintained,  pointing  in  the  direction  of  the  target 
as  the  transmitter  proceeds  along  its  flight  path.  A  wnole  sequence  of  returns 
from  the  target  is  intercepted  at  the  receiver  location,  each  return  being 
associated  with  a  different  transmitter  location  as  the  platform  moves  along  its 
trajectory,  it  can  be  shown  that  successive  returns  will  differ  in  phase  by  a 
predictable  amount  whioh  is  characteristic  of  the  locations  of  the  scattering 
centres  which  produce  them  and  is  the  basis  of  the  synthetic  aperture  processing 
which  enables  many  distinct  pixel  locations  to  be  identified  across  each  receive 
beam.  The  spatial  resolution  associated  with  the  aperture  which  can  be 
synthesised  from  these  returns  comes  specifically  from  the  component  of  motion 
perpendicular  to  the  sight-line  between  transmitter  and  target.  Thus,  the 
direction  of  the  ideal  trajectory  for  uttimato  resolution  is  perpendicular  to 
the  tranamit/target  sight-line.  However,  it  is  worth  noting  that  this  ideal 
condition  will  seldom  Be  encountered  in  the  field  and  even  then,  processing  will 
be  complicated  by  range  walk,  or  the  need  to  retrieve  consecutive  target  returnn 
from  different  range  Bins. 

The  consequence  of  this  is  that  an  analogy  can  be  drawn  showing  that  the  angular 
width  of  the  receive  beam  ill  the  system,  is  equivalent  to  the  angular  field  of 
view  aBBOolated  with  a  passive  TV  style  of  viewing  system.  The  synthetic 
aperture  processing  then  allows  that  reoeive  beam  to  be  sub-divided  into  many 
smaller  pixels  just  as  the  TV  scan  mechanism  identifies  many  small  pixels  in  the 
TV  picture. 

In  the  range  direction,  spatial  resolution  is  set  by  the  bandwidth  of  the 
transmitted  signal.  For  this  example  two  cases  are  considered,  one  being  a 
linear  FM  chirp,  the  other  being  a  continuous  pseudo  random  binary  phase  shift 
keyed  sequence  (P/N  code).  Examples  showing  the  relative  performance  of  systems 
employing  linear  FM  chirp  and  PN  code  emissions  are  presented  in  Figure  ?. 

In  tho  asimuth  direction,  fine  Bpatlai  resolution  is  achieved  by  means  of 
aperture  synthesis  techniques.  It  is  convenient  and  valid  to  think  of  these 
techniques  as  permitting  the  synthesis  of  a  very  large  transmit  aperture.  The 
system  asimuth  resolution  is  thus  established  by  the  transmit  elements  of  the 
system  and  therefor,'  although  sensitivity  is  impaired,  linear  spatial  resolution 
remains  constant  as  the  receiver  Is  moved  away  from  the  target,  providing  the 
transmitter  target  distance  remains  constant, 

ThiB  Bection  ends  with  some  examples  of  the  spatial  resolution  likely  to  be 
achieved  with  this  type  of  bistatic  8AR.  In  the  range  direction  an  emission 
bandwidth  of  30  MHs  would  be  sufficient  to  realise  a  range  spatial  resolution  of 
around  6m.  In  the  azimuth  direction,  spatial,  resolution  A,  can  be  shown  to  be 
given  by  equation  ( 1 )  ' 


(k  Ri 


where  ^  -  operating  wavelength 

Rr  *  range  from  transmitter  to  target 

1«  »  length  of  synthetic  aperture 

A  consequence  of  synthetic  aperture  processing  is  that  samples  must  be  taken  at 
specific  intervals  along  the  desired  aperture.  The  spacing  of  these  samples  has 
a  profound  effect  upon  tho  quality  of  the  image  which  can  ultimately  be  produced 
by  the  system;  in  particular  if  the  Bpacing  between  samples  is  too  great  then 
ambiguities  will  be  observed  lu  the  image.  These  ambiguities  can  be  regarded  as 
resulting  from  diffraction  grating  lobes  which  exist,  as  a  result  of  the  finite 
number  of  samples  taken  along  the  aperture  The  desirable  maximum  distance 
between  samples  can  bn  calculated  by  arranging  that  angular  spacing  of  the 
g.ating  lobeB  be  greater  than  the  angular  width  associated  with  tho  receive  beam 
at  nearest  viewing  range,  Thio  distance  can  be  shown  to  bo  on  the  order  of  the 
dimensions  of  the  receive  antenna,  Now,  with  s  mobile  tranomlt  platform,  this 
places  a  requirement  on  the  emission  modulator,  that  the  pulse  repetition 
frequency  (or  the  P/N  codo  repetlon  frequency)  be  greater  than  a  minimum  set  by 
the  ratio  between  the  RPV  platform  velocity  nnd  the  wirUh  of  the  receive  mt.enna 
aperture,  in  tho  case  of  continuous  P/N  code  emissions  some  of  which  can  have 
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very  low?  repetition  Intervals,  the  sampling  requirement  is  transferred  to  the 
receive  element  whore  individual  samples  of  complete  range  lines  must  be  taken 
at  a  rate  set  by  the  same  criterion  which  constrains  the  omission  modulator. 

for  a  typical  case  operating  at  9.6  GHfc,  a  synthetic  aperture  of  length  60m 
would  be  needed  to  provide  an  azimuth  resolution  of  r>m  at  a  stand-off  range  of 
8km  from  transmitter  to  target.  Since  an  aperture  of  this  length  can  be 

produced  within  a  period  of  one  aecond  by  an  RPV  travelling  at  little  more  than 

Mach  0.16,  this  typo  of  system  should  be  capable  of  producing  images  to  a 
spatial  resolution  of  6m  at  a  rate  of  one  image  per  second.  The  individual 

sample  rate  in  such  s  case  with  a  receive  aperture  width  of  In  is  required  to  bo 

at  least  50  He.  Although  this  image  rate  is  not  sufficient  to  give  the  smooth 
motion  associated  with  TV  images,  It  1s  quite  adequate  for  the  needs  of  a 
survoillance  system  Intended  for  use  against  ground  based  vehicles. 


4.  Sensitivity 

1  ho  sensitivity  of  bistatic  9AR  systems  la  most  usefully  expressed  In  units  of 
normalised  radar  cross  section  (NRC3)  or  ou  .  This  unit  1r  dimensionless  and 
quantifies  the  concept,  "bistatic  radar  cross  section  tm2 )  per  unit  area  (m2)". 
In  attempting  to  quantify  what  is  a  useful  system  sensitivity,  there  is  a  need 
to  know  what  values  of  Oo  are  typical  of  the  scenes  to  be  viewed  by  the  system. 
Now  although  there  Is  a  reasonably  extensive  base  cf  data  quantifying  monost.atic 
values  of  o„  for  the  rural  environments  in  which  the  Byitem  might  be  deployed, 
there  Is  a  dearth  of  such  data  quantifying  biBtatic  measurements.  A  further 
reason  favouring  the  particular  geometry  chosen  for  this  system  is  that,  the 
scattering  geometry  at  the  scene  1b  approximately  monostatic  so  that  the  values 
of  system  sensitivity  derived  can  be  related  to  existing  monostatlc  measurements 
with  reasonable  confidence. 

System  sensitivity  la  a  function  of  every  element  of  the  syotem  including 
transmitter,  scene,  and  receiver.  However,  in  the  analyses  conducted  so  far, 
it  has  been  found  convenient  to  identify  an  Interface,  located  at  the  scene,  and 
define  there  a  ground  irradlanue  associated  with  the  transmitter.  This  division 
enublea  the  two  elements  of  the  system,  transmitter  and  receiver,  to  be  studied 
in  relative  isolation  so  that  when  the  receive  element  Is  analysed,  the  analysis 
can  proceed  on  the  simple  assumption  that  the  transmitte"  places  a  given 
illuminating  power  over  a  given  area. 

System  sensitivity  is  conveniently  expressed  in  terms  of  "noise  equivalent  <>„  " 
(NEoo)  where  NEoo  Is  identical  with  that  value  of  Oo  which  would  produce  the 
same  signal  at  the  system  output  as  is  produced  there  by  thermal  noise  in  the 
system.  Using  the  relatively  Bimple  model  of  the  system  outlined  above  it  can 
readily  be  shown  that  Bystem  sensitivity  is  given  by  equations  (2}  and  (3) 
respectively  for  FM  chirp  emissions  and  for  P/N  code  emissions. 

The  principal  difference  between  these  two  expressions  is  the  inclusion  of  an 
additional  term  on  the  top  line  of  equation  (3)  which  takes  account  of  the 
significant  uncorrelated  noise  component  that  results  from  the  sldelobes  of  the 
autocorrelation  function  of  the  P/N  coded  emission.  The  autocorrrelation 
function  (ACF)  associated  with  i  linear  FM  chirp  is  characterised  by  the  well 
known  "sin  x  over  x"  function  which  has  a  sharp  central  peak  and  sldelobes  which 
decay  rapidly.  This  type  of  function  provides  a  negligible  contribution  to 
overall  system  noise.  However,  the  ACF  with  a  continuous  P/N  coded  emission  is 
characterised  by  a  single  large  central  peak  and  BidelobeB  whose  intensities  are 
essentially  constant  and  Inversely  proportional  to  the  number  of  code  chips 
contributing  to  the  correlated  signal  and  leads  to  an  additional  noise  component 
which  can  be  significant. 

KM  chirp  emission 

4lt  Ai  vt  Rr2  kTsyt 

NEoo  =  .  . . (2) 

P  Ar  Rt  \  /»b  Lt  Lr  L» 


P/N  code  emission 

A«  vt  Rr2  (4itkT«yi  +  H  0r  Ar  Oo  Lt  Lr  L«  M/fc) 

NEoo  *  — — — — 


P  Ar  Rt  \  Lt  Lr  Lt 


.(3) 


? 

I 
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where 

At  =  area  Illuminated  by  transaitter  It  *  losses  in  transmit  segeent 

vt  -  velocity  of  transmitter  platfora  Lr  *  losses  in  receive  segment 

Rr  «  range  froa  scene  to  receiver  L*  »  ataoepheric  propagation 

k  ■  Boltaaann’a  Constant  H  »  ground  irradiance  (  =  P/At  ) 

Taya  *  ayitea  noise  temperature  6r  ■  width  of  reoeive  be  as 

P  ■  mean  RF  power  generated  in  HPA  oo  ■  background  blatatio  HRC8 

Ar  ■  effective  area  of  receive  antenna  fo  ■  P/N  oode  chip  rate 

X  ■  operating  wavulength  M  «  No  of  range  bint  in  inage 

yb#  ■  ayetea  slant  range  resolution 

Using  these  relationships,  it  can  be  ahown  that  the  sensitivity  associated  with 
a  ayetea  employing  a  quite  aorieit  transmit  power  is  more  than  adequate  over  the 
ranges  likely  to  be  encountered  in  the  battlefield.  Perforaance  data  which 
characterise  this  type  of  a  bietatic  system  have  been  calaulated  and  are 
presented  in  Figure  2  together  with  typical  values  of  signatures  likely  to  be 
found  In  the  scene,  and  relevant  values  for  the  system  parameters.  The  data 
should  be  Interpreted  as  follows,  Values  of  system  sensitivity  expressed  in 
units  of  NEoa  are  indicated  by  four  lines,  two  dashed  and  two  full,  which  cover 
various  combinations  of  transmitter  emission  modulation  and  atmospheric 
propagation  condition*.  The  relationship  between  these  plots  of  sensitivity  and 
the  regions  of  typical  target,  and  background  signatures  which  are  shown  as 
hatched  areas  on  Figure  2  le  that  at  the  range  (Rr)  of  interest,  these  features 
will  be  visible  In  the  final  image  providing  NEoo  is  smaller  than  the  features 
to  be  observed.  It  can  be  seen  that  although  the  performance  achievable  with 
linear  FM  chirp  emission  la  significantly  better  than  that  achievable  with 
continuous  BPSK  pseudo-random  (P/N)  code  emission,  the  latter  provides  an 
adequate  capability  for  observation  of  both  targets  and  soene  features. 

The  extent  to  which  features  are  vialble  above  the  system  thermal  noise  floor 
ropreeented  by  NEo0  ,  is  a  function  not  only  of  the  magnitude  of  the  difference 
between  feature  and  noise  floor,  but  also  of  an  artifact  of  synthetic  aperture 
processing  called  "speckle"  which  la  a  noise  component  that  is  proportional  to 
the  Intensity  of  the  features  being  imaged.  Speckle  can  be  reduced  by  assigning 
each  pixel  In  the  final  Image  to  be  the  average  of  several  statistically 
Independent  measurements;  this  process  Is  called  multi-look  imaging.  However, 
in  thlB  case,  provision  of  the  independent  samples  required  by  this  process 
calls  for  an  unacceptable  sacrifice  In  spatial  resolution  and  the  decision  linn 
he*n  taken  to  present  a  single  look  image  on  screen.  In  this  imago,  although 
speckle  will  produce  a  substantial  noise  component,  typically  4.8  dB  for  a 
Bingle-look  Image,  the  difference  between  typical  target  and  background  features 
is  sufficiently  large  that  targets  will  still  be  visible. 


Figure  2  Perforaance  of  a  Typical  Bistable  SAR  System 
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The  system  envisaged  for  thin  role  consists  of  two  major  elements,  t.ranBniitt or 
and  receiver.  The  division  of  activity  between  the  two  is  such  that,  the 
transmit  element  is  kept  very  simple  and  contains  only  a  stable  local 
oscillator,  «n  emission  modulator,  a  modest  RF  power  amplifier,  and  a  simple  low 
gain  antenna  of  broad  beam  width,  The  RPV  is  likely  to  fly  at  an  altitude  of 
around  500m  to  1000m  and  will  Illuminate  an  area  between  25km2  and  100km2 
depending  on  terrain  Umitationa.  The  data  presented  In  Figure  2  show  that  even 
when  illuminating  the  larger  area,  excellent  sensitivity  can  be  aohieved. 
Consequently,  it  Is  useful  to  point  out  that  there  ia  no  particular  requirement 
for  tiie  transmitter  to  Illuminate  just  a  Bmail  part  of  the  surveillance  sone 
through  a  high  gain,  steered  beam.  Rather  the  system  operates  using  a  very 
broad  beam  from  n  fixed  low  gain  antenna  which  provides  a  floodlight 
Illumination;  this  Is  essentially  the  microwave  equivalent  of  the  Illumination 
provided  by  a  Btarsiiell  or  flare  for  night  operation  of  visible  band  sensors. 
Thus  the  relatively  vulnerable,  transmit  element  of  the  system  retains  ltB 
simplicity  and  the  more  complex  elements  of  the  system  are  concentrated  in  the 
passive  and  therefore  less  vulnerable,  receive  element. 

The  rece'vo  element  contains  two  low  noise  amplifiers  (1.NA),  one  for  the  scatter 
path  through  which  the  scone  Is  observed,  the  other  for  the  direct  path  along 
which  the  direr l  signal  from  the  platform  Is  received.  Associated  with  each  LNA 
there  is  an  antenna,  the  one  associated  with  the  direct  path  1b  envisaged  ns 
being  of  low  gain,  typically  being  very  similar  in  its  ''haructerlBtlca  to  the 
transmit  antenna;  the  antenna  associated  with  the  scatter  path  Is  a  high  gain, 
narrow  beam  element  through  which  the  scene  Is  observed.  (This  mode  of  operation 
Htmnwhat  resembles  the  way  in  which  the  telescope  associated  with  high 
resolution,  narrow  field  of  view  visible  band  and  IR  sensors  Is  mud  to  observe 
scenes),  in  addition  to  the  lit''  components,  the  receive  element  also  contains 
the  range  correlator  (for  FM  chirp  or  P/N  code)  and  u  powerful  processor  for 
transformation  of  the  raw  radar  returns  Into  a  recognisable  Imago.  This 
processor  Is  required  to  undertake  a  number  of  functions  during  this 
transformation,  before  processing  can  commence,  the  current  system  geometry  ituml 
bo  determined.  Thereafter  raw  returns  are  truest ormed  Into  a  raw  Image,  and 
finally  the  raw  Image  1h  transformed  Into  a  realistic  maplike  projection  for 
observation  by  the  ubot. 

The  processing  envisaged  for  this  system  differs  from  that  associated  with 
airborne  and  spuoeljorne  SAIl’s  predominantly  In  the  volume  of  data  requiring  to 
be  processed.  Because  both  of  those  systems  cover  very  wide  areas  at  high  speed 
and  at.  high  spatial  resolution  typical  sample  rates  lie  111  the  region  of  tens  of 
nil  1 .1 1  ons  per  second.  The  blstatlc  BAR  system  however,  Is  designed  to  operate 
over  a  much  more  limited  region  so  that  even  whoti  operating  at  ranges  out  to 
10km.  the  nominal  0’  azimuth  beam  width  will  generate  a  sample  rate  of  only  0.2 
millions  per  second.  All  the  computationally  Intensive  processing  operations 
involved  with  t.hlB  system  are  correlations  and  with  an  airborne  or  npaceborne 
BAH,  thoso  operations  cun  conveniently  be  conducted  in  the  frequency  domain, 
making  extensive  use  of  PFT  techniques.  In  t.hlB  ouse  however,  range  walk  and 
repeated  processing  of  ImageH  of  one  location  using  u  succession  of  different, 
correlation  functions  us  the  system  geometry  changes ,  mouns  that  tine  domnin 
processing  1s  more  appropriate.  The  computation  rate  uhhoc luted  with  200,000 
pixels  per  sec  w  I  tli  time  domain  processing  dupends  on  the  azimuth  width  of  the 
Image.  In  this  case,  the  Image  is  Home  200  pixels  wide,  each  of  which  In 
supported  by  two  raw  data  Hamplca.  Thus,  the  correlation  function  for  each 
Image  pixel  Is  of  length  400  samples,  ami  the  final  data  processing  volume 
amonntH  to  l OOM  operations  (multiply  and  add)  per  second.  Thin  processing  rate 
is  large  but  with  modern  processing  devices  can  realistically  be  conceived  as 
being  serviced  by  hardware  accommodated  oil  a  few  (pouslbly  one)  Double 
Kurocardn, 

The  determination  of  system  geometry  has  been  Identified  as  one  of  the  critical 
areas  which  remain  open  for  more  conceptual  study.  Successful  Image  formation 
relies  on  detailed  knowledge  of  the  system  geometry  In  order  t.o  generate 
appropriate  synthetic  aperture  filter  functions.  The  accuracy  required  of  such 
geometric  data  1m  st.lll  being  studied  but  two  alternative  approaches  to  the 
accurate  determination  of  transmitter  location  have  been  identified.  One  relies 
on  the  establishment;  of  additional  direct  path  receive  sites  In  the  vicinity  of 
the  receiver  so  that  trl angulation  and  Interferometric  techniques  could  be 
employed  for  transmitter  location  determination.  The  other  relies  on  the 
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inclusion  in  the  transmit  platform  of  a  GPSS  receiver  which  might  be  used  as  a 
relay  eierent  to  modulate  a  sub-oarri  r  from  the  platform  so  that  a  full  GPSS 
decoder  at  the  rereive  element  could  b»  emuloyea  to  determine  the  platform 
location-  Neither  of  these  solutions  Reams  very  attactive  although  each  appecrs 
to  provide  a  feasible  solution  if  absolute  precision  of  system  geometry  is  shown 
to  be  a  prerequisite  for  succossful  operation. 


6 .  Discussion  of  vMabil itles 

The  selection  of  operating  frequency  is  a  compromise  between  a  number  of 
conflicting  requirements  which  include  the  following; 


*  sensitivity  and  spatial  resolution 

*  field  of  view 

*  processing  complexity 


Primary  drivers  towards  higher  operating  frequecy  are  the  desire  for  finer 
spatial  resolution  in  order  to  achieve  better  detection  and  classification 
capabilities  from  the  system,  arid  the  desire  to  operate  with  an  small  a  receive 
antenna  aperture  as  possible  in  order  to  aid  concealment  of  the  receive  site. 

It  can  be  seen  from  equations  2  and  3  that  the  sensitivity  achievable  decreases 
linearly  with  operating  frequency.  What  is  Iobs  clear  from  these  equations  Is 
that  for  a  constant  angular  field  of  view,  which  1b  given  by  the  azimuth  width 
of  the  receive  beam,  the  receive  antenna  area  is  constrained  to  decrease 
similarly  with  operating  frequency.  Thus,  the  overall  consequence  of  an 
Increase  in  operating  frequency  In  a  reduction  In  aensitivity  which  la 
proportional  to  the  square  of  frequency.  There  is  alBo,  however,  a  driver 
towards  lowe  operating  frequency  which  comeB  from  the  desire  to  cover  wider 
fields  of  view  without  sacrificing  sensitivity.  In  this  situation  it  1b  possible 
to  retain  sencltlvity  at  the  expense  of  azimuth  spatial  resolution. 

Finally,  it.  is  important  to  remember  that  with  a  synthetic  aperture  s, 
there  is  no  inherent  limitation  on  azimuth  spatial  resolution  but  at  lower 
operating  frequencies  the  time  taken  to  form  the  synthetic  aperture  increases 
ami  this  limits  the  rate  »t.  which  full  resolution  images  can  be  presented  to  the 
user.  Tim  practical  constraints  on  the  system  are  however,  appreciable.  The 
maximum  length  of  aperture  which  can  usefully  be  employed  depends  fundamentally 
on  the  time  during  which  the  system  and  the  features  observed  by  the  system 
remain  coherent  -  no  useful  improvement  in  spatial  resolution  can  be  achieved 
f mi  the  synthesis  of  nn  aperture  over  a  period  longer  than  this  coherence  time. 
The  parameters  which  affect  this  coherence  time  include  stability  of  system 
operating  frequency,  stab i  1 1  t.y/sccuracy  of  knowledge  of  transmit,  platform 
location  and  velocity,  and  ultimately,  stability  of  the  plume  characteristic  of 
features  observed  in  the  scene. 

like  other  ground  based  viewing  systems,  the  line  of  sight  to  the  target  can  be 
interrupted  by  features  such  as  hills,  tret.-.  and  buildings  present  in  tho  scene. 
Therefore  it.  is  important  to  point  out  that  although  there  Is  an  airborne 
element,  to  this  system,  the  KPV  platform  whi  :h  carries  the  transmitter,  a 
specific  limitation  of  this  system  is  that  of  terrain  features  which  may  limit, 
the  clear  line  of  sight  available  between  target  and  receiver. 

The  most  serious  limitation  to  i.ho  capabilities  provided  by  t.Ms  system  result 
Tron  the  effects  of  target  notion.  A  feature  of  synthetic  aperture  processing 
is  the  ambiguity  existing  between  the  doppler  hii'ts  present  in  returns  from  the 
scene  which  result  from  target  motion  and  the  comparable  shifts  ..hich  result 
from  platform  motion.  These  ambiguities  result  in  the  misplacing  of  moving 
features  in  the  final  image. 

!(  is  interesting  to  compare  and  mntrast  tills  bistatic  system  with  a  complete 
moliosiai ic  SAP  on  an  HFV  platform.  The  bistutit.  implementation  makes  use  of  a 
cheap,  simple,  KPV  platiorm  which  curries  only  a  broad  beam  transmitter  to 
provid*  illumination  for  a  ground  based  ibBerver  whereas  tho  SAR  implementation, 
while  providing  airborne  observations  that,  are  less  liable  to  terrain 
iibecurat  ion  than  gcound-lmsed  observations,  requires  that  a  much  larger  payload 
l,e  carried  on  1  he  KPV.  This  payload  would  consist  of  a  transmitter,  a  receiver 


and  a  data  down  link,  and  would  be  substantially  sore  complex,  massive  and 
expensive  than  that  associated  with  the  biatatic  system.  In  particular,  much 
more  of  the  SAR  systea  is  present  in  the  vulnerable  platform  area  so  that  the 
attrition  cost  associated  with  its  destruction  roves  to  favour  the  enemy  rather 
than  the  user. 


CoucJ.ua  ions 

A  system  concept  has  been  described  which  could  potentially  provide  an 
all-weather,  day-night,  tactical  covert  radar  surveillance  capability  for  the 
military  user.  The  system  la  based  on  bistatic  synthetic  aperture  radar 
techniques  and  relies  for  its  potential  cost-effectiveneBB,  on  the  location  of 
the  bulk  of  the  system  components  at  the  receive  site  where,  because  the  receive 
site  Is  passive,  they  are  leBS  vulnerable  to  attack.  The  transmitter  is  located 
on  a  small  RPV  platform  and  is  conceived  as  being  a  throw-away  Item  in  timer  oi 
hostility  but  could  be  a  retrievable  item  during  training  periods.  It  is 
intended  that  the  transmitter  should  be  sufficiently  small  and  cheap  that  its 
vulnerability  to  artillery  attack  would  be  low  and  its  engagement  by  aiti-radar 
missile,  very  expensive,  it  has  been  shown  that  this  type  of  system  has  the 
potential  to  provide  a  near  real-time  imaging  capability  over  ranges  of  around 
iOkrn.  The  spatial  resolution  achievable  Is  around  5m  and  this  when  coupled  with 
the  sensitivity  available  from  the  system  Is  sufficient  to  ensure  that  vehicles 
would  be  clearly  distinguished  as  point  targets  from  the  background  of  the 
scene.  The  capabilities  provided  by  two  distinct  typeB  of  emicsion  modulation 
have  been  examined,  linear  FM  chirp  and  continuous  P/N  code,  and  appreciable 
degradations  have  been  shown  to  be  associated  with  the  P/N  code  type  of 
modulation  so  that  FM  chirp  is  the  more  favoured  form  of  illumination. 

Finally,  although  no  specific  feature  which  renders  the  oystem  non-vlabie  he1'  yet 
been  Identified,  platform  stability,  platform  location,  biBtatic  SAR 
processing,  and  the  effects  of  target  motion  have  been  identified  as  significant 
problem  areas  requiring  further  study  Rnd  consideration. 


DISMISSION 


fJ,  linker 

The  RPV  requires  motion  compensation  Din  s  libs  make  it  a  vulnerable.  expensive  I’liUiorin  negating. sonic  of the 
Mliantilgcs  of  Ilk;  bixtiitie  eonecpi'.' 

Author's  Reply 

TV  RPS  imiyiinl  he  compelled  to  ent  ry  motion  contpensuiimt  equipment,  although  certainly,  correction  for  RI’V 
platform  motion  is  needed  by  the  .system. !  suspect  that  the  necessary  corrections  cm  lie  deoueed  firm  observations 
(ii)  made  in  the  receive  site  hv  deploying  additional  receiver  units  in  die  form  of  in  inter fcromvlcr  or,  less  desirable, 
heeuuse  this  increases  the  complexity  of  the  platform,  (b)  by  deploying  im  the  RPV  ,  simple  (tl'SN  mntsoondet.  which 
enables  tire  receive  site  to  determine  the  RI’V  locution 

limit  approaches  provide  information  which  is  needed  lo  modify  ilie  synthetic  aperlurt  eoi  rehilion  iilgurilhms.  The 
difficulties  associated  with  lliis  task  l.ave  not  been  studied  and  ate  e.'.peeleil  to  he  siyiiilr’imt. 


Incohsen 

Wlint  is  the  sluius  of  your  nminci? 

Au.1  bur's  Reply 

( 'iu rein  smuts  of  lliis  project  is  eoneepliial. 


W.Keydel 

birr  hislalie  SAR  Hie  synchinnisalimi  belween  tiunMiniic'  and  teceivei  plays  all  inquulum  pail.  I  low  do  you  Iniv.scc  In 
establish  this  synchronisation  and  wltieli  accuracy  do  von  expect'' 

"hr>'  *  Reply 

l!;c question  quite  eon. .  Iv  iaentilies  tile  need  lor  hyachnmisulinn  hctwcs  u  iransiuitlei  mid  receiver,  t  his 
syneliroiiisiilioii  is  required  lot  both  tanging  and  apcrluic  synlhexis.  Ilolli  requirements  ate  ailislied  by  the  infonniuion 
eat  lied  on  ilic  duvet  path,  fills  pul',  is  the  pall)  o|  shorlesl  lime  between  nuiismiiicr  and  receiver  and  ensures  dial  the 
receiver  site  has  the  potential  to  receive  lolul  Information  nlsail  the  emission  limn  the  tmnsiiiitlct  before  it  teeeives 
infm  minimi  from  the  largel  via  the  sculler  path,  t  his  means  that  llicacciirmy  achievable  is  limited  only  by  the  quality 
(link  budget  dissociated  with  Hie  direct  path  At  lliis  time,  we  have  not  quantified  this  link,  I  lowcvci.  we  lell  li  sullieienl. 
al  this  lime.  I"  identify  Hint  the  potential  Incompletely  resolve  Ibis  Issue  already  exists. 
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SUMMARY 

^ In  thii  paper  the  renarkrblo  capabilities  and  features  of  airborne  synthetic  aperture  radar  (SAR), 
operating  in  the  mill<w«tric  wave(mmw)  region,  are  discussed  with  reference  to  a  battlefield  surveii lance 
application.  The  SAR  system  provide*  high  resolution  real-time  ImaginH  of  the  Littlefield  »\nd  moving 
target  detection,  under  adverse  environmental  conditions  (e.g,  weather,  duati  smoke,  obscurants).  The  most 
relevant  and  original  aspects  of  the  system  described  in  the  paper  are  the  band  of  operation  {l, a.  mmv  in 
lieu  uf  the  more  traditional  microwave  region)  and  the  usn  of  an  unmanned  platform.  The  fmim*r  implies 
reduced  weight  and  size  requirements,  thus  allowing  use  of  small  unmanned  platform.  The  loiter  enhances 
the  system  operational  effectiveness  by  permitting  accomplishment  of  recognition  missions  In  depth  beyond 
the  FEBA. 


An  overall  system  architecture  is  described  based  or.  the  onboard  sensor,  the  pUilorw,  iL: 
communication  equipment,  and  a  mobile  ground  station.  The  relevant  problem  of  detec!  ion  and  imaging  >L 
moving  target  la  finally  described. 


i.  INTRODUCTION 


This  paper  describes  the  feasibility  study  of  a  sensor  for  battlefield  surveillance  and  turget  acqui¬ 
sition,  The  need  to  penetrate  in  the  enemy  territory  tor  aevoral  tena  of  Kins  requires,  .is  sensor  platform, 
th-  use  of  unmanned  aircraft  (UMA)  r.uch  as  drones  and  remotely  piloted  vehicles  (RV*V).  Today,  UMAs  am 
equipped  with  electro-optical  (to)  and  infrared  (IR)  remote  sensing  systems,  However,  the  pur forma nee  of 
such  systems  is  United  by  weather  condition  and  the  presence  or  smoke,  dust,  and  artificial  olncurants 
which  are  present  during  a  battle,  These  reasons  motivate  the  use  of  cedar  systems  which  cun  operate 
all-weather. 

of  course,  conventional  radar  does  not  provide  t hr*  same  measurement  accuracy  resolution  uf  the  El)  and 
IR  systems.  The  use  of  synthetic  aperture  rsdar  (SAR)  concept  allows  to  overcome  such  limitations,  Riirllj 
speaking,  the  SAR  achieves  high  resolution  hy  exploitation  of  the  UMA  motion.  The  movement,  along  the  UMA 
path  of  radar  antenna  which  ia  side- looking,  emulates  a  very  lung  synthetic  nntenim  to  which  <-,,n  PHpomls  a 
very  narrow  beam  along  the  azimuth  and,  consequently,  a  very  good  azimuthal  resolution  l l 1 . 

The  uao  of  UMAa  allows  to  deeply  penetrate  into  the  enemy  territory  and  to  perform  e,m,  sensing  of  the 
interesting  scene  trim  short  distances*  typlcaliyi  10  Km  to  20  Km.  In  such  situation,  U  is  worth  consi¬ 
dering  the  use  of  nunw  In  lieu  of  the  usual  microwaves  widely  adopted  in  the  mujorit.v  of  today  radars.  The 
following  benefits  accrue  by  the  use  of  nunw,  nnmelyt  (i)  compact  radar  systems,  and  (ID  hotter  resol¬ 
utions  for  s  given  roal  antenna  aperture  arei.  The  limitations  related  to  greater  Attenuation  of  nunw  arc 
not  very  much  relevant  in  our  case  because  of  the  short  range  required  to  the  radar,  to  sum  up,  the  system 
described  in  tnis  paper  ie  a  SAR  operating  at  35  0Hz  (wavelength  ■  8.57  on),  and  installed  on-board  an 
RPV.  The  frequency  of  35  CMi  was  selected  in  lieu  n(  94  GHz  because  of  the  lower  atmospheric  uttetiunt inn. 

The  remaining  part  of  the  paper  is  organized  an  follow*.  A  detailed  description  of  the  whole  system  and 
of  its  operating  modes  ia  provided  in  Sect,  2,  The  main  parameters  ami  the  block  diagram  of  the  radar  are 
illustrated  in  Sect,  3.  In  Sect,.  4  the  radar  performance  are  derived  in  clear  ami  rain  piivlrcmjimni  s. 
Finally,  ths  problem  af  detection  and  inaging  of  a  moving  turget  la  afforded  in  Sect,  3, 


2 .  SYSTEM  DESCRIPTION 


The  operational  requirements  for  the  system  can  he  summarized  as  folluwa:  (a)  Imaging  of  territory 
areal  with  different  e  ro,  reflectivity  such  na  roads,  buildings,  airports,  lb)  detection  and  imaging  uf 
olowly  moving  (i.a.  with  speed  up  to  40  Km/h)  targets  such  as  tanka,  cars,  troops;  and  (c)  o,  nation 
during  the  day  or  night,  in  presence  of  mist,  fog,  mode  rate  tain,  smoke,  anti  dust .  The  range  ami  azimuth 
resolutions  are  required  to  he  5  ml ,  while  radiometric  resolution  should  be  1.3  du.  These  values  allow  to 
classify  the  detected  fargrts. 

The  system  is  composed  of  four  subsystems,  nnmcily!  (1)  the  vehicle,  (11)  the  radar,  (111)  thr  nir- 
grourd-a ft  communication  link,  and  Civ)  the  ground  station,  A  pictorial  view  of  the  system  during  u 
mission  is  shown  in  Fig.  1. 

The  vehicle  ia  4  at.  long  and  0.4  mt  of  diameter,  The  flight  can  be  remotely  piloted  ur  preprogrammed, 
The  flight  duration  is  between  1  and  2  hours,  The  cruise  speed  is  200  mc/sec.  Two  missions  are  scheduled 
for  the  RPV,  one  having  1500  mt  height  and  the  other  having  10000  mt  height  (see  Fig,  2). 

Dm  Lng  the  alBslan  the  JlPV  can  penetrate  more  than  50  Km  beyond  the  FEBA.  The  position  accuracy  nf  the 
RPV  is  30  at,  while  the  speed  accuracy  la  In  the  order  of  it,  Finally,  the  attitude  errors  along  pitch, 


foil,  and  yaw  are  upproximai 0.1  dog/sec,  These  par  ruse  t-'ra  play  a  k ey  role  in  the  evaluation  of  the 
actual  Imaging  resolution,  Ar  it.  will  be  discussed  iotci,  the  inaccuracy  of  platform  poult. tuning  limits 
the  achievable  SAR  robiiltit  ion. 

The  radar  payload!  of  approximate.;.)  fO  Kc*  U  initalled  in  a  volume  of  SO  It  available  in  the  RPV  nos,-. 
The  power  supply,  needed  to  the  payload,  is  30OW.  ptovidad  thru  a  network  of  20  Vile,  A  liquid  cooling 
system  ia  also  foresaw.  Two  antennas  of  1  nt  length  and  24  cm  width  aro  installed  on  the  two  RPV  sides, 
in  such  a  way  that  two  nwaths,  symmetric  to  flight  line,  are  obtained.  The  Antenna  buairwldth  in  elevation 
la  20  deg  in  the  1300  mt  miaoion,  while  is  5  deg  in  the  100Q0  mt  mission.  The  antenna  beam  of*-nudlr  angle 
is  30  deg  in  both  canec.  the  ci  r respond Ing  swath  width*  Are  3  Fa  and  2,1  Km «  respectively.  The  ante/mu 
weight  is  2  Kg, 

The  data  link  subsystem  allows  t oiwuuni cation  between  the  radar  and  the  ground  station.  The  link  is  ECM 
"-•ife.  The  up-liuk  is  narrow  bond.  ;.t  a  Hows  to  transmit  to  the  radar  command  and  control  signals  such  as 
radiation  on.  netting  up  or  working  modes,  etc,  The  same  link  provides  control  signals  to  the  RPV  frame  in 
the  remotely  piloted  node.  The  down-link  1*  wideband  (64  Mbtt/sec),  it  provides  to  th-i  ground  station  the 
radar  raw-data  related  to  the  remotely  dented  scene,  and  other  signals  concerning  the  radar  BITE  (built-in 
test  equipment). 

The  ground  station  has  three  tunctions,  namely t  (l)  monitoring  and  control  of  RPV  fl  ht,  (11)  radar 
management  and  control,  and  (ill)  processing  of  radur  raw-dare  ^holographic  signal)  to  f*»mi  the  image  of 
the  scene.  To  these  purposes,  four  units  aro  installed  in  the  stulon,  namely!  SAR  ptocovxing  unit, 
display  unit  with  keyboard,  data  link  Interface  unit  anti  recording  unit.,  The  holographic  signal  (i.a  the 
signal  scattered  from  the  scene  and  stored  in  tho  radar  in  a  range-aeU,uth  matrix)  is  transmitted  to 
ground  and  proceiBed  in  tho  SAR  processing  unit  The  display  unit,  which  is  directly  connected  to  the  data 
link  Interface,  monitors  and  controls  the  KPV  flight  and  the  radar  working  modes  th.rcgh  the  keyboard,  The 
display  ahawH  up  the  synthesized  imigax  in  a  real-time  or  off-line  basis.  The  recordlnp  unit  utoreL  radar 
raw-data,  processed  Images,  end  kinematic  parameters  of  RPV  flight, 

The  SAR  processing  unit  provides  the  scene  Imi'go  by  nutched  filtering  of  the  holographic  signal,  p.oughly 
speaking,  the  matched  filtering  is  implemented  thru  a  compression  of  the  hologram  lilor.p  the  range  axis, 
»nd  an  additional  compression  of  the  resulting  lignuL  along  the  azimuth  axis  |!|.  The  range  compression  is 
Implemented  by  correlating  the  hologram  with  the  t/anailittrd  chirp  signal,  The  itlwuth  compression  la 
implemented  by  correlation  with  a  reference  aelmitha’  fan*: r. ion.  It  owi  be  shown  that  the  function  Is 
another  chirp  with  paraiwtrrs  depundlng  on  the  "RPV-sensed  sewn"*'  relative  geometry.  In  the  system  it*?s:r- 
Ibed  in  this  paper,  the  range  compression  is  directly  performed  un-hoard,  while  the  BRiimith  compress  loti 
•which  is  computst.. onally  Intensive-  is  Implemented  in  the  ground  staUun  A  simplified  scheme  of  the  SAR 
processing  unit  is  shown  in  Rig,  The  computer  architecture  implementing  the  SAR  processing  is  a  mix  oi 
dedicated  and  microprogrammed  hardware.  The  main  features  of  the  computer  is  rotate- 1  to  the  ability  of 
real-time  processing  the  hologram.  The  computer  data  rate,  i.hr  same  of  data  link,  Is  64  Mbit /sec  which 
derives  from  2000  samples,  coded  with  6  bit,  with  a  data  rate  of  RRF  u  4  kHz  (see  Sect*.  1  and  3).  Tho 
2000  samples  correspond  to  two  real  valued  mutinies  lor  each  range  coll  available  In  the  swath  The  larger, t 
number  of  range  cells  is  1000  and  pertain"  i:o  1300  height  mission. 


3  ,  OH- HOARD  RADAR  SV:  TEH 

The  purpose  of  on-board  radar  system  is  to  sense  the  scene,  by  transmission  of  a  coherent,  waveform,  and 
to  receive  the  corresponding  scatrereo  holographic  signnl  which  is  stored  in  a  range-azimuth  matrix,  The 
schema  of  on-board  radar  la  shown  in  Rig,  4.  The  me  in  elements  uf  the  radsi  are  briefly  described  in  the* 
following,  The  selection  of  radar  parameter  is,  sometimes,  a  complex  task  which  'a  fulfilled  by  resorting 
to  a  computer  program.  The  description  uf  such  methodology  is  out  of  the  ucope  of  this  paper,  a  detailed 
approach  to  the  problem  ia  outlined  in  (2), 

The  antenna  is  a  slotted  waveguide,  The  unLenna  is  fixed  in  the  KPV  frame,  thus  providing  the  a.-inu  off- 
nadir  angle  of  30  deg  fnt  both  missions,  Am  already  mentioned,  the  elevation  beamwidth  has  different 
values  for  the  two  miss  ions.  This  is  achieved,  with  the  same  antenna  width  of  24  cm,  by  ualng  an  ili¬ 
um  Inal  ion  tapering  in  the  low  altitude  mission.  An  improvement,  foreseen  for  Necond  generation  systems  is 
related  to  the  use  of  phased-arriy  antennas  which  silow  the  i<mpent.al  lor,  of  platform  attitude  or  rum  and 
the  b'mm  agility  to  spot,  for  instance,  areas  of  limited  surface  in  the  controlled  scene, 

The  Hi-  source  provides  the  local  •sciilatlun  and  the  drive  signaU  to  tho  transmitter.  The  transmitted 
waveform  1b  a  pulse  train,  where  e».  n  pulse  is  frequency  nodulated  with  a  chirp  codo,  The  pulse  duration 
In  6  user  ami  the  chirp  bandwidth  ia  40  MHz.  The  range  resolution  cur  responding  to  the  compressed  pulse  1h 
3  mt.  The  pulae  repetition  frequency  of  th*  waveform  is  RRF  °  4  KHz;  the  corresponding  duty  cycle  is  2.4k, 
The  vaiui:  of  PRF  to  selected  in  such  a  way  to  contain  the  Doppler  spectrum  of  the  stationary  scene  and  the 
echoes  from  Uie  moving  targets,  By  the  relative  geometry  of  "radar- imaged  scone"  the  Doppler  spectrum 
width  of  the  stationary  seem*  is  400  Hr,  The  selection  uT  PRF  «  4  Kits  is  motivated  by  the  need  to  lesve 
enouyh  cJesred  frequency  to  the  echoes  from  moving  targets  which  will  be  received  without  frequency 
ambiguity  (see  alto  sect,  3). 

The  transmitter,  which  is  n  coherent  TWT,  modulates  and  amplifies  the  waveform.  The  TWT  peak  power  is 
300W,  while  the  average  power  is  7.2W, 

SAW  technology  la  adopted  to  implement  the  chirp  generator  and  compressor:  (lie  requlr-  d  compression 
ratio  la  100 .  The  supeihet  radio  frequency  unit  amplifies  and  down  converts,  to  an  Intermediate  frequency 
band,  the  received  signal.  The  overall  receiver  noise  figure  is  12  dB, 

Finally,  the  video  processing  unit  provides  i  coherent  baseband  signal,  implements  the  A/li  conveiHian, 
generates  the  slow  time  (i.e,  the  azimuth  abscissa)  and  fast  time  (l.e.  the  range  abscissa)  axes  of  the 
holographic  matrix,  and  sends  the  data  to  the  down-link.  The  sampling  frequency  is  40  hH«,  while  8  bit  are 
uaod  in  the  digital  repreamtat ion  of  the  data.  Table  1  provides  weight,  volume,  and  power  consumption  of 
the  different  radar  modules..  Table  2  sumo  up  the  main  radar  parameters  for  the  two  nisBlana. 


4. 


HAD AW  PERFORMANCE 


The  SAX  imaging  cuiabilitiec  can  be  expressed  tn  term  of  detection  probability,  for  a  given 
probubi  llty  of  faint?  alarm,  of  the  signal  bockscattered  by  a  cell  in  the  sensed  scene.  U  is  reasonable  to 
have  an  almost  uniform  detection  probsbility  throughout  the  ceils  In  the  scans,  Additional  figures  of 
merit  ara  the  sensor  spatial  resolutions  (along  range  and  azimuth),  which  establish  the  call  dimensions, 
und  the  radiometric  resolution  which  represents  the  sensor  capability  to  dlflcrimlnake  two  adjacent  cell* 
having  different  reflectivity , 

The  range  resolution  if  related  to  compressed  pulse  durstiom  It  has  been  pointed  out  that  such 
resolution  ia  5  mt  us  required  by  system  specifications,  The  azimuth  resolution  is  related  to  the  antenna 
length  and  tn  the  number  of  independent  locks  averaged  during  a  synthetic  antenna  period,  The  antenna 
length  is  1  mt  to  which  corresponds  a  maximum  azimuthal  resolution  of  0.5  at.  Such  high  resolution  cun  be 
trrded-off  with  the  radiometric  resolution.  The  averaging  of  10  independent  looks  reduces  the  azimuthal 
resolution  to  the  required  5  mt  but  greatly  improves  the  radiometric  resolution  to  s  value  which  is 
better  than  1.5  JL .  .Such  value  is  good  enough  to  distinguish  the  different  types  of  reflectivity  pertinent 
to  roads,  airports,  etc,  as  required  by  ths  specifications. 

The  detection  probability  is  related  to  the  ratio  of  the  signal  pcwer-to-dlaturbancs  power.  Mure  spe¬ 
cifically,  when  radar  objective  is  to  Image  a  scene,  a  parameter  to  be  evaluated  is  the  ratio  between  the 
power  reflected  by  a  cell  of  the  scene  to  receiver  nolae  power. 

Detection  of  a  point-like  target  is  the  radar  objective  in  another  operational  situation  of  interest. 
In  this  cane,  it  is  worth  considering  the  ratio  between  the  power  scattered  by  the  target  to  the  power 
ecattered  by  the  c*»ll  of  the  scene  plus  receiver  noloc  power.  Such  power  ratios  are  aasily  evaluated  by 
resorting  to  the  range*  equation  for  the  SAX  case  (2|,  [3 J .  by  assuming  a  terrain  reflectivity  of  -25  dfi , 
which  la  an  average  value  for  35  GHc,  and  a  reference  value  of  1  mq  for  the  target  RCS,  it  is  shown  that 
t omtorti.ble  detection  probabilities  (PD  *  C.9)  are  obtained  for  the  two  RPV  missions, 

The  detection  performance  dogradus  in  presence  of  attenuation  dun  to  atmosphere,  mist,  fog,  rain  and 
dust.  The  attenu< Uon  due  to  atmosphere  is  O.e  UB/Km  (one  way),  which  produces  a  two  way  overall 
attenuation  of  3.24  db  for  low  altitude  mission.  The  attenuation  raises  to  1.2  dB  for  the  high  altitude 
mission,  These  attenuations  do  not  impair  3/Jl  detection  performance. 

In  presence  of  fog  and  rain  the  analyaia  la  more  complex.  First  of  all,  in  addition  to  attenuation 
there  tn  also  a  backscattering  process  producing  a  disturbance  at  the  radar  recoiver  input  which  may 
obscure  the  scene  Image.  The  deleterious  effects  of  disturbance  depend  not  only  on  the  power  of 
backscattared  signal  but  also  on  ite  temporal  correlation  as  compared  to  the  SKA  coherent  integration 
Interval,  secondly,  the  fog  and  rain  are  limited  in  spice  as  shown  in  Fig.  5.  This  geometry  gives  rise  to 
ivo  cases  to  be  investigated,  in  case  (a),  X  >  X.,  wher4  X.,  is  the  abscissa  of  the  considered  cell  (e.g, 
that  «t  the  middle  of  swath).  The  rain  cWi-an  Is  present  in  ths  considered  cell  j  the  processes  of 
attenuation  und  bsckscattering  are  contemporary  present.  In  case  (b),  x_2  <  )L|  the  rain  column  is  between 
lha  radar  and  the  considered  cu.1  l-oniy  the  attenuation  process  is  consineredT  A  detailed  analyaia  of  the 
problem  (4)  gives  tha  following  .  suits.  Ftrat  of  all,  consider  the  case  of  SAX  looking  at  a  point  target) 
in  thin  case  the  terrain  reflection  lo  considered  as  an  additlonnl  disturbance,  In  the  low  altitude 
mission,  it  ia  shown  that  the  signal-to-overal 1  disturbance  power  ratio  in  21  dB  in  absence  of  rain  and 
reduces  to  13  dB  in  presence  of  rain  (with  rate  of  3  irni/hr)  In  the  turast  ceil.  The  6  dB  loss  does  not 
prevent  target  detection,  The  other  case  ta  consider  refers  to  the  imaging  of  terrain,  Now,  the  useful 
signal  is  that  scattered  by  tha  ground  cell,  When  the  ram  is  not  present  in  the  cell  of  interest,  rain 
rates  close  to  3  mm /hr  do  not  appreciably  affect  bAX  imaging  capabilities.  The  situation  ia  worse  when  the 
considered  cell  ia  insido  the  rain  column:  even  for  low  rain  rate  (e.g,  1  ma/hr)  the  SAR  imaging 
capabilities  ire  severely  degraded. 


5 .  DETECTION  AND  LMAdlNO  OF  HOVINU  TARGETS 

A  SAX  looking  at  a  moving  target  having  unknown  kinematic  parameters  does  not  provide  a  good  Image  of 
the  same.  This  In  because  the  reference  azimuthal  chirp,  to  be  used  In  the  compression  process,  la  matched 
to  *- lit*  chirp  scattered  by  the  stationary  scene  while  it  is  mismatched  to  the  chirp  scattered  by  the  moving 
target. 

Consider  a  polnt-like  target  having  a  radlul  speed  with  respect  to  SAX  platform.  It  U  shown  [S|  that 
the  corresponding  Image  or  the  point  has  the  following  azimuthal  offset  with  reaped  to  the  correct 
posit  ion i 


A  X  -  |Ro  vr/v)  U) 

where  X  is  the  minimum  slunt  range  of  target  from  the  rudar,  V  is  the  target  speed  radial  component,  and 
V  the  pPatform  apeed.  If  A  x  ia  greater  than  the  synthetic  aperture,  the  target  is  lost.  Additionally,  a 
target  with  radial  speed  compunent  may  migrate  through  mure  than  one  range  ceil,  A  reduction  of  the 
coherent  Integration  time,  for  azimuth  focussing  pertinent  to  a  certain  range  cell,  ia  experienced.  This 
phenomenon  produces  a  spread  of  energy  throughout  the  range  cells  interested  by  the  target  migration,  and 
a  reduction  of  tha  azimuthal  resolution. 

Consider  now  a  target  having  an  azimuthal  speed  component.  This  produces  a  de focus  in  the  azimuthal 
direction  with  a  consequent  loss  of  azimuthal  resolution.  The  defocus  ia  not  appreciable  if  Che  phase 
error  of  the  scsttered  signal  is  less  than  X  12  throughout  the  synthetic  antenna.  The  corresponding  speed 
azimuthal  component  which  dook  not  produce  defocus  1st 

Vc  *  v  y*  M*0  A  )l  (2) 

where  (P  Is  the  required  azimuthal  resolution,  and  X  la  the  wavelength, 

■'CL 
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In  the  more  general  case,  both  azimuthal  and  radial  components  of  target  speed  are  different  from  zero. 
Azimuthal  defocus,  energy  spread  along  range,  and  azimuth  offset  are  contemporary  present.  The 
corresponding  SAR  inpulee  response  is  quite  different  from  the  expected  "sinX/X"  type  function  along 
azinuth  and  range  axes.  Actually,  it  looka  like  an  oblique  psrallelograa  having  many  aaa.U  peaks  along  the 
paraLlelugram  axis  in  lieu  of  just  one  large  peak  in  the  true  target  position.  Because  the  parallelogram 
shape  is  related  to  the  target  kineoatic  parameters,  it.  is  understandable  that  the  measurement  of  the 
parallelogram  axis  slope  gives  a  means  to  re-focus  the  target  image  (6), 

Let  now  c'.  aider  the  strategies  to  detect  and  image  aovi;*g  targets,  Detection  la  rot  easy  because  of 
the  energy  smeared  throughout  range  calls,  Additionally ,  the  scattering  by  the  stationary  acene,  which  now 
acta  as  a  clutter  source,  makes  target  detection  more  difficult,  Once  a  target  has  been  isolated  from  the 
stationary  scene ,  it  it  necessary  to  submit  cha  detected  signal  to  a  re-focua  process  to  restore  the 
azimuthal  resolution  pertinent  to  a  stationery  target. 

To  this  end,  the  firat  strategy  refers  to  a  proper  aelectlon  of  radar  PRF  value.  Aa  already  mentioned, 
it  is  worth  to  have  a  PRP  largar  than  the  stationary  seine  bandwidth!  1 . e .  BD  ■  2V/L,  where  V  Li  platform 
speed,  and  L  is  antenna  length  [2].  In  the  RPV  cuie,  BD  is  400  Hz  and  PRP  La  4  KHz.  This  la  because  the 
target  Doppler  frequency  will  likely  be  out  of  clutter  spectrum,  thus  allowing  the  required  separation  of 
target  from  stationary  scene,  Additionally,  target  Doppler  frequency  will  be  unambiguous  fnr  target  radial 
npeed  up  to  60  Rm/hr. 

To  understand  in  which  way  is  possible  to  separate  moving  point-like  targets  from  the  stationary  acene 
consider  rig.  C,  It  shows  the  azimuthal  chirp,  for  a  certain  range  cell,  con  espondirig  to  the  following 
lour  conditions,  namely i  (1)  stationary  point  target,  (2)  target  moving  along  track,  (3)  target  moving 
t  ,‘o»s- track,  and  (4)  target  having  both  azimuth'll  and  radial  components  of  speed.  The  mathematical 
expression  of  the  azimuthal  chirp  for  a  moving  target  is  as  follows  |9|i 

W=  +  tt0  (v'- +  m 

where  V  la  the  target  radial  speed,  V,  is  the  target  azimuthal  speed  component,  and  a  is  the  radiu.1 
component  of  target  acceleration,  The  quantity  2  V fX  is  the  sn  called  target  Doppler  centroid,  while  (V* 
♦  R  a  )/*X  R  la  the  target  Doppler  frequency  rate,  It  should  be  noted  tnat  the  backseat tered  signal'll 
from  ah  extended  stationary  acene  produces  many  azimuthal  chirps  ail  parallel  to  chirp  (1), 

A  first  rough  approach  to  separate  the  stationary  seem,  from  moving  target  La  to  cut  out  the  Doppler 
frequency  spectrum  [-0,3  ♦  0,3  B_) i  of  courao,  a  moving  target  represented  by  the  azimuthal  chirp  (2) 
cannot  be  recovered,  A  Doppler  filter  bank,  which  uniformly  spans  the  frequency  Intervals  (-PRF/2,  -BD/2) 
and  (BD/2 ,  PRP/ 2),  Is  a  means  to  detect  moving  targets  represented  by  azimuthal  chirps  as  those  labelled 
(.1)  and  (4)  In  Pig,  6,  Thla  Doppler  filter  bank  compensates  for  only  the  Doppler  centroid  2 V  I'X  eq. 
3,  Table  3  gives  sn  indication  or  the  performance  that  may  be  obtained  by  that  channel  of  thelbank  which 
ia  matched  to  the  target  Doppler  centroid.  The  table  indicates  the  target  Doppler  centroid  I*,  the 
azimuthal  bias  A  X,  the  range  walk,  the  resolution  along  azimuth  ( ^  )  and  along  range  (  ft.  )*  the  peak 
of  the  signal  after  Doppler  centroid  compensation  and  the  integrated  sldalobe  ratio  (isi.R).  Two  types  of 
moving  targets  are  considered,  namely i  (a)  target  moving  eroan  track  with  V  ■  11  m/s,  and  (b)  target 
having  the  two  components,  along  range  and  azimuth,  of  the  speed.  The  results  show  that  the  high  altitude 
mission  suffers  the  higest  degradations, 

A  more  effective  method  to  detect  a  moving  target  and  to  correctly  estimate  Its  position  nod  RUS  Is 
that  ehown  in  Fig,  7.  Each  range  line  of  the  holographic  matrix  is  range  compressed  and  then  corner 
turned.  Afterwards,  the  processing  along  azimuth  is  implemented  by  means  of  u  bank  of  (NM+1)  filters,  Each 
filter  is  implemented,  in  the  frequency  domain,  as  follows i 

(L)  the  range  compressed  signal  is  transformed  by  moans  of  EFT, 

(11)  the  referonce  signal  h. .  Is  transformed  by  means  of  FFT,  and 

(ill)  the  transformed  s Lgna. 'll J from  (i)  and  (1L)  arc  multiplied  and  rn-transforraed  in  the  t  Line  domain  by 
l  EFT. 


The  firat  channel  ia  dedicated  to  imaging  of  the  stationary  seem*;  "h  0M  is  the  azimuthal  chirp  matched 
to  a  representative  point  of  the  stationary  scene,  The  NM  channels  "it;."  are  matched  to  the  azimuthal 
chirps  of  the  type  of  eq.  (3).  Mure  itt  detail.  Index  i  is  related  to  matching  of  Doppler  centroid,  while 
index  J  refers  to  matching  of  Doppler  rate,  The  proposed  processor  effectively  removes  the  azimuthal 
offset,  and  the  szimuthel  defocun  additionally,  an  indication  of  kinematic  parameters  And  the  Res 
estimation  of  targets  is  allowed.  Target  detection  is  obtained  by  thresholding  each  channel  of  the  t Liter 
bank |  threshold  value  can  be  obtained  by  autogatc  along  range.  The  estimation  of  target  kinematic: 
parameters  la  obtained  by  the  indexna  "IJ"  of  the  channel  giving  detection,  The  target  DoppLer  centroid 
provides  V  ,  while  the  Doppler  rate  is  related  to  the  two  parameters  V  and  a  ,  Target  RCS  ia  obtained 
after  the  envelope  detector,  The  performance  evaluation  of  a  procesaingc scheme  similar  to  that  presented 
in  Pig,  7  la  given  in  (9) . 

The  channelized  processor  of  Pig,  7  still  suffers  some  limitation  related  to  the  resolution 
capabilities  of  the  h^j  filters,  Targets  having  close  in  values  of  Doppler  centroid  and  Doppler  frequency 

rate  may  not  be  distinguished  by  the  processor.  Additionally,  a  target  with  a  large  valua  of  Doppler 
frequency  rate  may  give  rise  to  more  than  one  detection  in  oontiguoun  filters  of  the  bank. 

To  overcome  these  limitations  resort  is  made  to  the  process  lug  scheme  depicted  in  Fig.  8.  The  processor 
is  constituted  by  two  channels  operating  on  the  range  compressed  holographic  signal.  The  lower  channel, 
which _ is  quite  conventional,  provides  the  image  of  the  stationary  scene.  The  upper  channel  is  dedicated  to 
detection  and  imaging  of  moving  targets,  The  rationale  of  the  proposed  approach  is  Lo  transform  the  signal 
from  a  time  sequence  into  a  mixed  time- frequency  representation.  This  representation  is  quite  uteful  tor 
signal  having  nan-stationary  instantaneous  frequency,  The  azimuthal  chirp  of  SAR,  which  Is  a  non- 
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stationary  signal)  If  properly  transform'd  provide  a  wedge  In  the  (W,t,f  >  representation.  W  Is  the 

transformed  value  of  the  azimuthal  chirp,  while  t  and  f_  arc  the  independent,  variables  nt  the 

transformation  Wlt.i  f  ).  A  transformation  which  enjolen  a  number  of  features  is  the  Wlgner  transform  111)], 
In  faet,  the  Wtgner  transform  of  a  chirp  Is  a  wodga  in  rhe  transformed  spare  or,  equivalently,  a  line  In 

tha  it,  fn )  plane.  It  can  be  shown  that  t.he  line  patamet.era  are  the  D'>pplur  centroid  and  the  happier 

frequencycrate  of  the  azimuth,.  1  chirp.  Looking  it  the  Wigner  transform  of  the  range  compressed  hologram, 
we  have  a  band  of  chirps  around  the  temporal  axis,  Few  other  lines  indicate  the  preaence  of  moving 
taigcts,  A  possible  way  to  detect  moving  target!  la  to  reject  the  stationary  scene  before  applying  the 
wigner  trina.formatlon.  The  aubaaquent  detection  of  target  and  estimation  of  Doppler  parameters  ran  be  done 
by  means  of  Radon  trsnaform  [10]  or  Hough  transform  [B],  The  Radon  tranafcirm  la  equivalent  to  integrate 
the  signal  Wf t > *_)  along  a  llna  in  the  (t,  f.)  plane,  The  maximum  value  will  be  reached  when  the 
Integration  line,  which  ia  swept  throughout  the  Tt,  f.)  pltna,  la  superimposed  to  the  targst  azimuthal 

Chirp,  The  Hough  transform  i»  an  tfficiant  way  to  map  4  llna  in  a  point  onto  a  tranafotmed  plane,  In  the 

pteaert  caae,  the  Doppler  centroid  (f.  )  and  the  Doppler  frequency  rote  (f  >  are  the  axae  of  the  plane. 
Target  uetectlon  and  Dopplei  parameter  estimation  Is  sccompUahed  by  thresholding  the  Hough  transform  Hg 
(t,  f  )  to  look  for  spikes  in  Chs  transformed  signal,  At  prasant,  a  theoretical  study  and  simulations 

are  'gplfig  on  to  evaluate  the  perforteance  of  this  novel  processor. 


6,  0N001W0  RESEARCH  AND  CONCLUalNO  REMARKS 

It  has  been  shown  the  feeeiblllty  of  s  mmw  SAR  on-board  of  a  RPV,  The  operational  uaefulness  of  such 
system  has  also  bean  proved, 

A  thorough  understanding  of  the  eystem  complexity  and  achieved  performance  need  further  Investigations 
which  presently  are  going  on.  They  refer  to  the  compenaetion  of  platform  attitude  errors,  to  ECM-ECCM 
problem,  and  to  the  simulation  of  tha  whole  system, 

A  preliminary  analysis  of  the  effects  of  attitude  ertors  on  the  Image  quality  shows  that  the  maximum 
allowable  error  along  each  of  the  three  axes  is  0,02«fe  In  order  to  preserve  T  mt  resolution  171.  Such 
requirement  le  not  fulfilled  by  the  RPV  under  conelderetion,  Two  elternatlvei  ere  nt  present  under 
consideration!  the  first  refers  to  the  Installation  of  en  inertial  novlgatlon  system  (INS)  In  the  RPV 
frame,  the  second  coneldert  the  use  of  autofocua  and  Dopplar  centroid  loops  to  adjust,  nt  slgnnl 
proceaslng  level,  the  Lmsge  distortion!  1 8 1 . 

The  image  degradations  caused  by  EON  is  mother  topic  under  Invest  list  Ion.  In  the  second  Reiteration 
systems,  whsrs  phaeed-errsy  antennas  are  planned  to  use,  ECCM  techniques  based  on  spatial  llltering  of 
directional  jammers  Will  be  applicable,  Nevertheless .  the  same  concept  can  lie  applied  to  the  synthetic 
array  antenna.  Such  epetlal  filtering  techniques  of  Jammers  are  under  Investigation. 

Finally,  a  powerful  simulation  tool  In  under  development  witli  the  purpose  of  ovulunllug  the  nysiem 
perforaence  in  presence  of  complex  environment.  |a|.  Briefly  speaking,  the  simulator  Is  able  to  generate 
several  types  of  holograms,  such  as  those  pertaining  to  a  moving  target,  seen  by  u  plntfurm  with  attitude 
errors,  snd  those  relevant  to  atat  binary  and  not  hamogenooua  scenes.  The  lull ' .grama  urn  fed  tn  annther 
software  package  which  emulates  the  on-board  ruder  end  the  SAR  processing  module  in  the  ground  station.  A 
better  appreciation  of  the  eyatem  geometric  and  radiometric  resolutions  will  he  possible, 
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Figure  1  -  Pictorial  view  of  the  ayati'u  during  it  tnh,Mkm 


Figure  2  -  Two  up'irut  lima  1  muilett  nf  SAR  Nyaiem 


Do|ipJ«r  frequency  hlttorlui  of  *t«l:lon#ry  and  moving  poinl-Jike  targets 
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TABU  2 


PARAMETtR 

H  ■  1300  in 

11  u  10000  in 

RPV  speed  (ffl/ft) 

200 

Wavelength  (nun) 

8.37 

Antanna  langth  (») 

i 

Antanna  kiJth  (re ) 

0.24 

Antenna  sain  (dM 

31!,? 

Ai.e 

Oft  nadir  angle  (°) 

so 

ElevatLon  bvamwidth  (°) 

20 

5 

Ringa  from  atone  (Km) 

9 

20 

Snath  nldth  (Km) 

3 

2.3 

Transmitted  pulse  duration  (ua) 

b 

Duration  of  coapreasad  pulse  (ns) 

33 

Range  compression  ratio 

ISO 

Rtnga  chirp  bandwidth  (HHe) 

AO 

pgr  (Ht) 

4000 

Duty  cycla  (*) 

2, A 

Arimuthal  chirp  bandwidth 

from  atatlonary  acone  (He) 

400 

Integrated  pulae  nuaber  in  aelnuth 

1342 

3428 

Range  resolution  (*) 

3 

Aaimuth  reiolutlou  (tn ) 

3 

Range  call  number  In  swath 

1000 

TOO 

Aeinut.h  coll  number  per  unit  time  tn) 

7  200 

Synthetic  antanna  length  (n) 

77 

171 

Number  of  independent  looks 

10 

Ririiunitric  resolution  (dB) 

1,3 

Transmitted  average  power  00 

7,2 

Transmitted  peak  power  (W) 

300 

Bl  t  number  of  A/l> 

8 

Rata  of  data  link  (Mbtt/aac) 

64 

A^P  ewnpllng  frequency  (MHc) 

40 

Table  2  -  Main  radar  rsr*Mtar«  tor  the  two  R|‘V  mission* 


TABLK  3 


REPEREkCR 

h  •  1,500  m 

h  «  10.000  m  ! 

PARAHKT6R 

V  ■  0 

Vc-  0 

V.  «  11  m/a 
vc*  " 

V„  •  ?  »/a 
v£a  7  m/a 

V„  ■  11  »/» 

vS-° 

vr  -  7  m/a 
v(,  »  7  m/a 

F„  IH*1 

0 

1762 

2418 

1773 

2429 

AX  l«l  .v 

0 

-2.4 

-1.3 

-2.6 

1.2 

Range  walk 

0 

0 

0 

2 

l 

3 

3 

10 

7 

62 

R»i'i 

3 

3.3 

6.3 

3.7 

-  -■ 

3 

Peak  Idtl 

0 

-1*4 

-4.1 

-4 

-12 

1SLH  Idtl 

111 

13 

10 

9,8 

9.3 

n 

Table  3  •  Perfunaanct  of  Doppler  fi’ter  bank 
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K,  Klf inin 

What  is  (In'  inmiimmi  target  speed  you  call  deled.' 

Author's  Reply 

The  minimum  dclccliible  lurgci  nullal  specs!  Is  cquul  in  the  maximum  frequency  of  the  sliillonnry  scene,  Assuming  mi 
nff-nmllr  angle  of  fill'  ami  a  wavelength  of  D.OIIH  me,  a  value  of  7km/h  is  obtained,  (oncemhig  the  minlmuiu  delectable 
llirgei  azimuthal  speed,  ut  present  a  ilelalleil  investigation  Is  being  umlertnken  to  evaluate  the  cnpahllilynf  separating 
target  from  duller,  on  the  busts  of  Doppler  rule  filtering. 


W.Kuydcl 

Do  you  foresee  absolute  rmllomelrle  calibration?  If  yes,  whin  Is  the  aeeuruey? 

Author's  Reply 

There  are  two 'vays  of  achieving  the  I,?  dll  rndlomeirlc  eallbrullon  elulmed  In  die  paper,  namely:  d)  Ink  mill  eullbrnllon 
und  (li)  external  calibration  techniques.  Hath  leelinlques  are  foreseen  In  our  system.  Inlernal  eullbrnllon  is  bused  upon 
genernllou  of  enllbrnlion  of  some  signals.  I  .slernal  eallbrullon,  bused  on  corner  refleellons  displaced  on  friendly  ureas, 
Is  nvnllnble  lor  just  one  portion  of  the  Itl'V  mission 


van  (I, Spell 

The  system  aims  al  a  resolution  ol  s.sVn  This  seems  pisi  not  enough  for  die  hnulelleld.  ( 'mild  son  cuinmcm  on  this 
choice? 

Author's  Hcply 

The  resolulion  of  Sxton  Is  the  tvsull  ol  n  Irmle  off  between  ileleellon  mill  elnssllleutloii  and  irnek  ol  lanks,  ni  monied 
vehicles  etc.,  versus. simplicity  of  haidw  ate  chirp  gvnerulor,  reduced  processing  load,  and  ivasoiiuhle  eosi. 
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“tiKNKKAriON  PROGRAMMABLE  DKJS  IMPULSIONS  MODI  irnis 
LINEAIREMKNT KIN  FRMJUKNC K" 

pat 

JttcquvN  Kliluml 
.lean- Marc  Fullut 

Aleut  cl  I '.space 
26  uvJ.R  t,,iiirupnlllolj 
HP  1IH7 

'•  10  j7  ’IruluuxL'  C  ‘a  lex 
I  •  ranee 


aisuefi 


IWTERET  DE  l.A  PROBIWWABiLITE  D|5  IMPULSIONS  3ENEREES  PANS  LES  SAW  ET  ALTIMETRES 

U  possibility  du  programmer  I  os  caracUrl  si.  I  qiies  de  I  1  'input  s  Inn  4tn  I  ne  d'un  radar  nmbarqud  sur  sain! II  la 
sira  jna  necessity  pour  las  radars  future, 

Dans  un  radar  altlmitre,  una  impulsion  tries  court, a  permet  do  mosurer  dos  distances  avac  unr  precision 
emit  nti#  tr  I  quo  au-dessus  do.t  oceans,  mail  n'est  plus  »dapt6e  pour  feme  I  i  onner  uu-dtmus  des  glams  til.  <Jn», 
terras  a  rauee  dts  algnaux  plus  falbles  at  du  relief  plus  Important;  quo  I'on  rencontre  an -iIhsmis  (Jr  cos 
surfaces. 

La  possibility  de  rddulre  la  Unde  du  signal  sur  les  glaces  et  )e%  turros  permit  d'ahidllorer  le  hilar  do 
IU'iiom  at  d'tlarglr  la  fenAtre  d 'acqu Islt Ion  uans  le  cas  d'un  radar  altlmM.ro  util  leant  la  turhnlque 
“ful l-deramp" . 

Dans  un  SAR  on  un  SLAR  Incapable  do  chanqer  los  carartilr  Istlquns  do  son  impulsion,  ’«  resolution 
transverse  des  Images  est  Inversament  p^oportlunnel le  an  sinus  do  1'angle  d1  Incidence.  I’m*  example,  sur 
des  I  i.l leges  ;ir1ies  entre  15°  at  6*%°  d' Incidence,  la  resolution  yvulue  dans  un  facteur  3,!i.  I  ‘utl  1 1  nut  Ion 
d'lM  chirp  avac  une  bands  programmable  pan  mat  dr-  rrtaoudrn  cot  Inr.onvfn  lent  ut,  comma  on  pout  Ip 
dOmoncrur',  sans  ' npaet  slgrilf  I  cat  If  sur  le  bllun  do  liaison, 

Cat  axposy  dlscut.a  des  diverse**  lechn I quau  pour  programmer  los  uiHMttdr IstlqiH's  du  chirp,  la  plwpai'V,  do 
ces  techniques  a  on  L  numdclqueo,  mats  rrus  montrons  qu'll  pout.  iHru  Int.yroHuanl.  do  los  asenrler  .1  dub 
techniques  analoQlques, 


INTRODUCTION 


l«  signal  A  gendrar  eat  uni  Impulsion  modal  ye  I  inenlrnmenL  un  Iriqucwcn  ilont  los  pr  *m:  Ipulci'i 
caracUrl'itiques  sont  Iws  svlvantes  ; 


"  Brndc  d'eMcura! on 

-  DurOe 

-  Errours  d' amplitude 

-  Lrraurs  da  phase  rap i den 

-  Krrourj  do  phasj  Imhox 


Programmable  Jusqu'A  qiiolquoM  cental  nos  do  Mdijahiirl/ 
10  h  50  ps  voire  ICO  pi 
Qualques  dlilfeinetl  da  dB 
1  4  2  dug  his  rms 
Quelquos  dugrtis 


le  gOndrateur  pourra,  si  riycessalre,  corrlger  les  eiTours  dr  phase  lontos  dcr.  nufros  sous -sys tomra  du 
radar  (oxtimplo  :  uillv-,  rtus  f  litres,  des  anip  11s,  etc.,.). 


fn  raison  du  1' aspect  programmability,  on  so  I  unite  «i  i 'expose  den  so  I  ut  lens  bti'wtps  sur  la  generation 
numdrlquR. 


1  -  RAPPER. 3  J.'HEOR J.QUBS 

l, A.  RAPPElS  .su  LA  . [H  tOR  l Ol. . tj HChANTILLONNAQE 

Cons Idiirunx  un  slgnel  n  (t)  dunt  le  spectre  est  4  support  I  Unity  ; 

S  (f)  '  0  pour  I  ■  I  c. 

On  iiotitre  que  1o  signal  ost  ontlui ament  dyturmlm'  nnr  la  suite  dAnoinht  abln  de?.  nchantl  I  Ions  s{n/,’l<). 
pr  1  s  aux  Inntants  dlscrets  n/?rc,  n  .ipparlenanl,  a  I'oneemblo  des  ontlurs. 

Ce  thyorbmn  permit,  done  de  remplacer  un  signal  n  ( t )  par  un  signal  ychantl  1 1 rjnnat  h(J{ t ) ,  obtenu  h  parl.lr 
de  s(,|t)  par  la  multlpl  Icatlur  do  co  nlgnal  pat  une  function  d'drhnnl  1 1  lonnage  u(t).* 


in  f  as  ideal  rst.  1' Pi  hant  i  ]  lonnagp  par  dps  d  i  str  ibut  1  ons  de  Dirac  : 

»‘{t  >  (  I/?5«  )  >  ft(t.  -  r/i'f  r  ) 

n 

Lt  signal  sjt),  la  signal  ir.hanti  1  lonnd  sft(t)  *t  ;?»tr  tpactras  sont  reprdsentds  sur  la  Figure  1.1/A. 

.a  reconstruction  du  signal  s  i()  a  partlr  da  s  (t)  sa  fa1t  simplemor.l  par  un  f litre  1 06a  1  passa-bAs,  de 
band*  Fc.  Ce  flltra  raconstlcue  in  signal  anafoglque  i  (t)  par  Interpolation  entre  las  IchantMloi.i  ; 
ausa  est-lt  appeld  flltrt  d'  Interpolation . 

La  cas  souvtnt  Jtliis*  en  pratique  est  1 'dchantillonnayo  avec  maintlen  (voir  Figure  t.l/B).  L*  spectre  du 
signal  ecnantl  1 1  Jnn4  **>t  celui  du  cas  iddal  mulJpliS  par  la  fonctlon  : 

sin  (n  Tm  f> 


n  1m  f 

La  reconst.i  action  du  signal  s  (t)  nun  distardu  est  obtenue  pir  1e  filtre  Interpol ateur  1d<5ai  sulvl  d'un 
reseat-  correctour  font t ion  Me  transfer?.  : 


it  Tm  f 


.in  ( n  1m  f  1 


fcCHANTlI  LQMNA&fc  D'UN  S.GNAl 
PAR  L'ES  DISTRIBUTIONS  OF  DIRAC 
Figure  1 .  I/A 


ICHANllLl.WWAri  D'UN  SIGNAL 
AVEC  HAlNTUN 
F igura  1 . 1/B 


'.2.  CARACrrHISTIQUES  O'  UN  CHIRP 

l  'equ.it  Mir  t  *-"■,»  0 1  »*  I  !  i»  il'uri*  lilipil  I  ‘  .>*  ir  'Jijlrr  1  i  m- .«  «.  n«»i>l  I ' 
It  ••  I 


-.{»!  Pm.  n*.  i  i*’i  I  »  *  -»kt  •  I 


t.  *  »  1  1  •»  *  '  »»»••  •’  »  *  '  I" 

r 

.  ii  i  .i  i.i  .  : !  * .  t*«.  {/ 

|  e  *,H"  *  1 1»  if  un  1 1*  I  •Mjn.il  i  •  i  i»|i  *  <  *»  so*  1  <i  -  »q«,  i**1  .  .'-A  lVu»  « *  *»  *  1  f*  •  ■  1-*.  I'  1  ■  «.r  .»»'  f  . 

‘  I  1 1  inti1  -.Hi  ipt'i  1 1  r  «  >1  kiiw  *:<•  >J*'  1  i-»* 4  *  *-  '  ^  ‘-t  t  •  !'.  •  1  ‘ 1  •  .M  I 

np.j  1  yr.it?  !«•  pn  dehm  s  >!•*  ipt 
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F1gur«  1 .Z/A 


i  -  ETUDE  OSS  SOLUTIONS 


GENERATION  SUB  FREQUENCE  PORTEUSE  INTERMEDIA  IRE 


te  type  de  gtntratlon  consist*  A  gdnArer  le  chirp  CRiitrR  sur  une  frdQuence  ports,  so  «ussl  falble  quo 
possible  et  3  trsnsposer  eriaulta  le  signal  4  la  fr4quor.ce  ddslrde  par  un  osclllatour  local.  Ce  prlnclp* 
est  lliustr*  »ur  la  Figure  ?.1/A, 


Dans  le  cas  Iddal,  I*  chirp  ost  gendrer  sur  une  frdquence  de  B/Z  oil  B  esf.  la  bande  du  chirp,  la  frequence 
ti'dcliaiitl  I  lormage  ost  egalo  a  2B,  et  la  frequence  de  transposition  est  doalc  i  fp  -  B/Z  si  on  prend  le 
battoment  supdrleur,  ou  fQ  *  B/2  si  on  prend  I*  battement  Infdrleur. 

(r\  pratique,  II  faut  prendre  dos  Marges  pour  factllter  les  flltrages  des  <1 1  f  I  drools  parasltor.  c.ommo 
i I  lustre  sur  la  Figure 


O  typ«  d«  d6n4t*aUan  a  I'avantage  tie  ne  nrfcosslter  la  gdndratlon  que  d'un  seul  signal,  II  a,  par  contre, 
1 1  lniorwtnf«*t  d'une  frequence  d ' dchantl I lonrag*  sup*rloure  a  ?B  contra Irwennt  a  certain**  solutions 
contentant  d'une  frequence  moitl*.  0«  plus,  le  plan  dp  frequence  est  comploxo  ;  11  pent  rngmo  «U« 
ntceusa  i>  e  dr  r*a1lier  une  double  translation  de  frequence  pour  que  le  flltraye  des  signaux  paras*  '.es 
so  it  possible. 


u.  type  do  generation  est  inUr«*sam  pour  let,  chirpv  j  laible  band*.  II  nc  convlent  pas  uour  les  radars 
j  haute  resolution. 


'  • 
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GENERATION  SUR  PORTEUSE  INTERWOIAIRE 
C'S  IDEAL 
f Igure  ? . 1/A 


GENERATION  SUR  PORTEUSE  INTERKDIAIRE 
CAi  REEt. 

Figure  2  l/t 


2.2.  GENERATION  DIRECTE  DES  VOTES  VIDEO  1  ET  0 


Una  solution  pour  gdndrer  la  signal  s(t)  =  cos  ( 2nf  t  +  nkt!)  consists  4  gdndrer  les  slgnaux  I  *  ccis  nkt’ 
et  Q  =  sin  nktJ,  ces  slgnau*  dtant  ensulte  respectlvement  multiplies  por  cos  2nf  t  et  -sin  2nf  t  puls 
sosm4s,  p  p 


Ca  prlnclpa  tat  llluatrl  aur  It  Figure  2.2/A.  Let  slgnau*  out  uni  bind*  P/2  ;  on  p«ut  done  las 
dchantlllonmr  avic  uni  frdquince  f  =  8. 

En  pratlqua,  11  faut  prindn  f  =  kB  avic  k  >  1  pour  factliter  la  flltrage  dis  spactris  d'dchantlllonnagi 
Inutllts  et  pour  ficlllter  l'dquIMbraga  in  amplitude  it  phiai  das  diux  voln.  On  choialra  k  antra  1,3  at 


Li  capadtl  mdmolre  requlse  aur  chaque  vole  ast  di  f 


GENERATION  DIRECTE  DES  VOIES  VIDEO  I  ET  Q 
Figure  2.2/A 


*  T  mots, 


HOW  OCI. 
It 


ft  »  }  \  t  'I  A  I  4  »  Id  |l  nil  I*  t'l  1|if  M  H«n  I,  l<  ) 

w  mmmmtm  m  1 1  i  1 1 1 1 1 1  j 

'(»)  I  1  M  i  !  !  !  M!  I  il  i  I  I  M  '  i  I  !  1  ,  | 

rC»i  i  ;  i  I  I  I  i  1  I  .  !  !.!  I  i.i  I  I  I  i  m  !  1  j 

Aii(i>v>iit|i*  1 1 1 1  if  1 1  @  I 

GENERATION  DE  U  PHASE  DES  VOIES  I  ET  Q 
Figure  2.3/A 


2.3.  GENERATION  OE  LA  PHASE  DES  VOIES  I  ET  Q 

Au  lieu  d«  gdndrer  1 04  slgnaux  I  *  cos  nkt*  et  Q  -  sin  nkt*,  on  putt  g6n6rer  1e  signal  0(t)  =  nkt*  inoduio 
?.r\  et  caUulor  ensulte  1  a  sin  < t ) )  et  Q  cos  (v(t)). 

Le  calcul  du  signal  4chant1Honn£  ®(nfw)  p«ut  ae  fairs  uvoc  deux  addltlonneurs-uccunujl  ateurs  (To  -  l/K*  r 
pirlode  d 1 dchantl llonnaye) . 

I n  uf tet  : 

Notons  :  $(n)  -  nkf£n? 


On  a  :  I)  -  nkT?  (nti J? 


nu 


nkl*  I'l'i.'ml) 

II 

-  G(n)  ♦  Imi) 

t(n]  (2nM)  nV 1 7 
k 


l)e  meme,  or  a  :  (i’ntj)  tiki* 


i(nl  •  ?iikl* 
p 


le  prlncIpe  pm.  done  d'avnlr  un  add  itiimneur>  accumulates  pour  i.a  Inner  f  { n )  wt  un 
adOH  lonneur  ai  1  mnuldt vur  pour  tuluilri  4»(  11 ) .  On  ilAdull  l«»  -.ynopt iqir.*  de  la  *  iqui-e  2..1/A 
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Le  nombre  da  bits  requls  sur  Its  addltlonnaurs-accumulaieurs  depend  de  la  precision  da  programatlon  qua 
I 'on  ddelre. 

La  cholx  da  la  frequence  d'dchantl 1 lonnaja  Ff  fixe  la  bands  maxlmcle  B  du  chirp  que  1‘on  peut  gdndrer  : 

B  •  f  /a 
max  »' 

ob  a  >  1  est  una  marge  pour  faclllter  It  flltragt  dot  spectres  d'dchentl 1 lonnage  (on  choislt  a  entro  1.3 
at  1,4) 

On  a  done  : 


2nkTJ  *  2n 


Ti 


«  2n  ■ 


a»  fi* 

max 


»’  (flm.x  T>  “me* 


"*  <0mex  T> 


Per  example,  pour  B  T  =  30CO,  on  trouva  a’(B„.  T)/2  =  2940  =  211'5. 
iTiA  K  max 


Le  codege  da  1 'Increment  2nkTJ  se  fait  sous  la  forme  : 
2nkTJ  n  n  (a02°  t  a^"1  +  *.fl  ♦  .  +  an2'n  t  . ) 


SI  on  utilise  IS  bits,  It  prdclslon  da  programmatlon  da  la  bandt  ast  donnde  par  : 


Celt  donna  dens  le  cat  B..w  T 

miX 


2 


<w> 


B 

max 


3000,  una  precision  d«  B/Bmax  »  18%,  ce  qu  1  «st  mddiucre. 


(.'utilisation  d'un  addltionniur-accumulataur  d«  24  bits  parmst  d'attairdre  dans  la  cas  consider*  0.08%, 
c«  qul  sst  sxctl l #nt . 

La  valaur  naxlmala  da  2nkT*  vaut  2/(a'{B_.tfT) ) ,  solt  2i1,5. 

a  ntiX 

La  reglstre  stockant  2nkT  peut  done  st  contanter  da  12  bits  da  molns  qua  las 
addltlonneurs-eccumulateurs,  iron  se  1 4ml te  tux  pantos  positives.  II  faut  autant  da  bits  si  on  vaut 
programmer  des  pantas  negatives. 

8 

La  cal cu  1  du  sinus  at  du  cosinus  pout  sa  fair®  k  l'aida  d'une  tabla.  Una  table  da  256  mots  (2 )  permat  un 
adrassaga  par  pas  da  1.4a,  Cela  paut  ttro  suffisant  si  ure  mdmolr®  rapldo  512  mots  de  8  bits  n'ast  pas 
dlsponlblt. 


la  Flgurt  2.3/A  monlra  la  tallla  das  dlvors  rayUtras  utilisis. 


Las  composants  las  plus  crltiquas  sont  : 

-  Lbs  AddiMonnaurs-accumuUUurs  24  bits  haute  vlteisa,  et 

-  Ins  MJirolras  256  ou  512  x  8  hauta  vltassa. 


Las  llmitas  da  prograwnab 11 1 t4  da  catta  solution  at  da  la  solution  prdeddanta  ne  sont  pas  las  memos. 

Avac  li  fllnlrstlon  diracta  das  voias  I  et  Q,  nous  sammes  llmitis  on  bando  at  en  durAe  du  chirp  (an  bande 
par  U  frtquanci  d’tchantlllonnage  at  an  durda  par  la  capacity  das  mdmolres). 

Avac  la  generation  par  la  phasa,  nous  ne  sown**  limltds  qua  par  la  banda.  Ilya  aussi  una  ilmlte  an 
durda  (dipend  du  nombra  da  bits  das  addltlonneurs)  mals  catta  limits  est  trfcs  xu~dali  du  besoln. 


2.4.  mmiM  U1B6CTE  SUR  POETEUsE 

Ca  type  da  solution  utilise  un  ddphaseur  n  bits.  La  phase  b(l. )  -  nkt*  est  dchanti  1  lonnde  fc  une  frequence 
F  =  k  2B  ( k >  1 ) ,  puls  codds  sur  n  bits  antre  -n  at  »n.  La  phase  codde  command®  la  ddphasaur  qut  module 
d8nc  una  portousa. 


2II-A 


Ce  princIpe  eat  lllustre  sur  U  Figure  2.4/A.  Le  frequence  porteuse  peut  8tre  une  frequence  Intermediate 
qul  seralt  ensulte  transposes  A  la  frequence  d'emlsstor  ou  plus  simplement  la  frequence  d'Smlsslon 
dlroctemert.  L'espect  flltrage  pourralt  Stra  determinant  dans  le  chotx  sntro  cbs  2  solutions. 

Les  performances  de  cette  sclution  dependent  dee  caracterlatlques  du  odpliaseur  . 

-  precision  de  phase, 

-  tempi  de  commutation, 

*  orreurs  d'emplltude, 

*  parasites  de  commutation  (synchronisation  dss  bits). 

Cette  solution  oeut  4tre  attrayante  pour  un  nombre  de  bits  felble  (Infdrlaur  i  4  bits  environ). 
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GENERATION  DIllECTE  SUR  PORTEUSE  AVEC  UN  DEPHASEUR 
figure  2.4/A 


3  -  IMPERFECTIONS  DES  CHIRPS  NUMERIQUES 
3.1.  INTRODUCTION 

Dans  cefte  section,  nous  dtudlons  los  Imporfnctlons  des  solutions  talsant  appul  A  la  generation  des  deux 
slgnaux  video  I  el  Q  utilises  eneulte  pour  ettnquer  un  uiodulateur  Bl U  pour  la  translation  du  chirp  4 
frequence  intermediate.  l.e  aynuptlque  da  cas  solutions  est  reppeld  sur  la  Figure  3/A, 

On  paut  dlsllnguer  las  imperfections  dues  sux  convirt tsisurs  et  les  Imperfections  dues  au  moduletour. 
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3,2.  IMPERFECTIONS  DUES  AUX  C0HVERTI3SEUR5 

Les  Imperfections  dues  aux  convertisssurs  sont  princtpaiemsnt  le  bruit  de  quantification  et  les  glitches. 

Le  bruit  de  quantification  ost  dfl  k  rutillsetion  d'un  nombre  flnl  de  niveaux  pour  coder  ie  signal.  Le 
bruit  de  quantification  peut  Stre  divisd  en  un  bruit  d'amplituda  et  en  un  bruit  de  phase.'  le  bruit 
d'amplltude  paut  Etre  nEglige  car  le  chirp  est  HmttE  dans  la  chatne  amission.  Le  bruit  de  phase  paut 
Etre  facilamant  eitimE. 

II  vaut  enuiron  :  On,,...  *  V(2n.V3)  (en  radians)  k  la  sortie  du  modulateur,  oti  n  eat  le  nombre  de  bits  de 
cheque  uonvertlsseur. 

Par  example,  pour  dat  convertlaaeurs  ayant  une  precision  de  6  bits,  on  obtlenb  una  errsur  de  phase  de 
0,52°  rms  (Equivalent  a  un  rapport  signal  t  bruit  de  40. 8  dB) . 

Le  spectre  du  bruit  de  quantification  est  pretlquemart  blanc  dans  la  bands  2F  (en  sortie  modulateur)  oil 
F§  est  la  frequence  d'dchanti 1 lonnage.  1 

Les  "glitches"  sont  les  transitotres  qul  apparaissent  pendant  les  changemanta  de  code.  1 1 s  sont  dQs  a  des 
imperfections  de  synchronisation  des  bits  de  commands.  Le  plus  important  se  prodult  au  changement 
1000, ...0  en  0111. ...1.  Pour  les  minimlaer,  las  convert! sseurs  dolvent  Itre  munis  de  latches  internes. 

L'enargls  de  "glitch"  gerantls  par  las  constructeurs  est  da  l'ordre  de  50  pV-s.  L1 impart  das  glitches  sur 
le  signal  gdndrd  est  difficile  k  estimer  ;  des  simulations  seraient  ndcessaires.  (II  faut  tenir  compte  du 
nombre  de  glitches,  ds  leur  amplitude  et  de  leur  spectre,  tcus  ces  psremltrea  dtant  fonctton  des 
changements  de  codes). 


3.3.  IMPERFECTIONS  DUES  AU  MODULATEUR 

Lei  Imperfections  potential les  d 1 un  modulateur  BLU  sont  lie  sulvantes  : 

-  desdqull ibro  d'amplltude  ontre  les  voles  I  et  Q  (do  aux  CNA,  aux  Mitres  ou  aux  mkUngeurs), 

-  d4slqul1lbre  de  phaea  antra  las  vales  I  et  q  (dO  sux  CNA,  aux  filtres  du  aux  m4langauri), 

-  arraur  da  quadrature  dea  Oiclllitiurs  Locsux  sur  Iss  mEtengeurs, 

-  Hite  des  Oscllistsuri  Locsux  k  travsrs  les  mliingsurs, 

-  offset  entre  les  voles  I  it  I), 

-  ondulatlon  d'amplltude  ou  de  phase  dans  is  bands  (commune  aux  deux  volts  ou  en  sortie  H), 

-  retard  sntrs  les  voles  1  et  q. 

Le  signal  en  sortie  d'un  modulettur  Ideal  auralt  comms  expression  :  s(t.)  =  sin  (2nfpt  +  nkt') 

Ls  figure  3/B  donne  1‘effet  des  diversas  Impirfections  cons1dkr<vs  an  sortie  mcdulsteur.  La  plupart  das 
Imperfections  out  pour  effet  ds  genkrer  un  chirp  de  pent!  opposEe.  On  a  kgalemant  calculi  les  exigences 
sun  cheque  phenomena  pour  quo  les  slgnaux  parasites  generis  soient  (5  dfl  sous  le  signal  utile, 


1MPFRFECTION 

SIGNAL  IMPARFAIT 

PARASITE  BENERE 

Ddslqu 1 1 1 br«  d'amplltude 

Q=(l+e).eln(nkta) 

a 

-  sin(2nf  t-nkt!) 

2  p 

Desequl 1  Hire  de  phase 

q-sindiXt'f  «) 

-  s1n(2nf  t-nkt* ) 

2  p 

Offset  (ou  tulte  d'OL) 

Q-sin(nkta )  *-  t 

c  sln(2nfpt) 

f.rreur  de  quadrature 

ULg’coc(2nfpt**) 

* 

-  fcln(2nf  t-'fikt* ) 

?.  p 

Retard  entre  voles 

q-slnlnkltid)*) 

niidt 

-  sln(2nf  L-nkt'l 

1  p 

Ondulatlon  d'amplltude 

l”(  1+a .  cosf}t)coMikta 
Q*( 1+a ,  cusOtjs Innkt* 

<1 

-  cos( 2nf  t+nkt* tut) 

2  p 

Undulation  de  phase 

l'ios(nkta  H&cowlt) 

Q  s ln( rkt  * *OrouOt) 

-  sos [Ziff  L*nKt*.?Ot) 

■>  P 

IMPERFECT ION5  O'U*  MODULATEUR  BLU 
Figure  3/B 
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IMPERFECTION 

SPECIFICATION  POUR  S/P  >  45  dB 

D6s4qunibre  d' amplitude 

a  <  1,1%  (0,1  dB) 

Ddsdqulltbre  de  phase 

•  <  0,6° 

Offset  (ou  fulte  d'OL) 

t  <  5,8  10‘3 

Erreur  da  quadrature 

*  <  0,6° 

Retard  entre  votes 

d  <  35  ps  (pour  5  >  100  MHz) 

IMPERFECTIONS  D'UN  MODULATEUR  BLU 
Figure  S/I  (suite) 


4  -  MikiataiM  BiiiiataEiaitsii 

4.1.  INTRODUCTION 

Dans  cattl  aaction,  nous  dlscutons  daa  mdthodss  pour  amd)1orar  1  as  performances  d'un  glndratsur  da  chirp 
numdrlque, 

Deux  mdthodea  aont  conslddrdas  : 

-  utilisation  d'un  mul tlpllcateur  da  frdquence  pour  accroltra  la  bands  dun  chirp, 

-  utilisation  d'un  VCD  et  d'un  dlvlseur  da  frdquenco  pour  accroltra  la  bands  d'un  chirp  tout  an 
amdllorant  cartalnes  Imperfections  dues  a  la  gdndratlon  numdrlque. 


4.2.  UTILISATION  D'UN  MULTIPlICATEUR  OE  FREQUENCE 

l.a  bands  d'un  chirp  "numdrlque"  ast  llmltde  par  la  rapldltd  das  circuits  numdrlques  utilises  :  20  MHz 
environ  an  tochnologle  TTL,  100  MHz  environ  an  tachnologle  ECL  et  300  MHz  environ  en  tochnologle  AsGa. 

51  pour  une  tachnologle  donn4e,  on  vaut  encore  augmenter  la  bands,  une  solution  conalste  k  utlllsar  un 
multlpl Icatnur  da  frequence.  Une  multiplication  par  n  accroft  la  bande  d'un  factaur  n. 

Capendant.  lea  Imperfections  du  chirp  Initial  sont  dgalemant  multtpl Ides  par  le  factaur  n,  ce  qul  limits 
1  'utl 1 1  sat  Ion  du  procddd. 

Par  example,  pour  n»2  lea  nlveaux  daa  parasites  du  chirp  Studies  dans  In  paragraphs  3  remontant  do  20  log 
ri ,  solt  6  dB  par  la  eaula  multiplication. 


4-3.  UTILISATION  D'UN  VCO 

Ce  precede  conalste  k  utlllsar  un  VCO  qua  1'gn  ssservlt  an  phkie  aur  le  chirp  numdrlque  (voir  Figure 
k. 3/A).  L<s  dlvlsaur  par  N  permet  da  multiplier  la  bando  du  chirp  numArlgue  par  N.  Le  gdndrdteur  de  dent 
de  scle  permet,  on  pre-commandant  le  VCO,  de  rddulre  les  exigences  sur  la  boucle  de  phase  nt  notaamenl 
uno  bande  do  boucle  falble  peut-*tne  utilises.  U  ddeoupa  permet  de  copper  la  sortie  VCO  en  dehors  du 
chirp  utl le. 

Les  avantages  de  cetta  solution  sont  ddtermlnantes  quant  i  Is  reduction  dee  Imperfections  sur  le  chirp  : 

1)  Le  bruit  de  quantification  eat  flltrd  pan  le  flltra  de  la  boucle  de  phase  d'oO  un  gain  de  B/Ub^N), 

2)  Lss  chirps  parasites  (de  pouts  opposSt)  sont  flltrds  psr  le  flHrn  de  boucle  (sauf  pendant  une  falble 
durde) . 

31  La  fulte  d'OL  nst  Sgalemnnt  f 1 1  trio  par  le  flltre  de  boucle  (eauf  pendant  una  falble  duree). 

L' amelioration  apportSe  sur  la  bruit  de  quantification  auturtse  1 'util Ixatlon  de  convertlsseurs  a  nombre 
de  bits  plus  falble.  Le  MUrage  des  chirps  parailtas  par  la  flltra  da  bouclt  nous  amt  no  k  nous  dtmandar 
si  les  2  voles  I  et  0  dans  le  p4n4rat«un  numdrlque  sont  encore  ndcessalre*  ou  si  cn  peut  se  contenter 
d'une  seule  vole  ;  cotta  question  ndcesslterslt  une  ttude  plus  ddtalllde 

En  conclusion,  les  ameliorations  apportdas  pur  I1 asservlsiement  ,1’un  VCO  sur  un  chirp  numdrlque  sont 
attrayantes,  11  n'y  a  pas  de  prublbme  de  falsabll  ltd.  t'utl  1  i-.atlon  de  ce  procddd  (mtme  pour  N*l) 
ddpendra  des  performances  qul  pouvent  ttre  obtenues  avec  Us  solutluns  dasslques. 
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5  -  CORRECTIONS  P'WLITUPE  ET  D E  PHASE 


8.1.  INTRODUCTION 

Harm!  Ui  distortions  qus  audit  It  signal ,  car t a  1  n as ,  ptuvent  ou  mint  do i  want  ttri  corrlgles.  Ct  sont  Us 
dlltoriloni  d ' ampl  1  tudt  rtaultint  dt  1  Uchantlllonnegt  evac  milntlin  at  IgaUmtnt  Us  dUtoralons 
d' amplitude  st  dt  phut  apportles  psr  csrtalni  flltrtgti  critiques  dans  U  chains  radar. 

Cartalnss  da  cat  carractloni  pourralant  Itra  affactulea  dami  le  traltiment  das  Ichot  radar,  mats  catts 
solution  att  ulus  complain  qua  la  corrtctlon  das  distortions  au  moment  da  la  gtnaratlnn  du  signal. 

Lei  corractlona  pauvant  Itra  faltes,  salt  par  Ultra  corractsur  analoglqua,  salt  au  nlusau  du  la 
glnlratlon  du  chirp,  solt  par  dlsposltlf  spiclul  placl  an  stria  aorta  la  gknlrateur  chirp, 

Cl-aprlt,  un  nt  dlacuta  qua  Ua  deux  darniart  ty.us  da  correction  euxquelUs  on  pant  damandar  tint  grands 
fltalblUtl. 


B.i.  wnnirnqfi  jwmmh  be  ^  khemtibh 

Pour  lta  glnlrataurs  da  chirp  baalo  aur  la  glnlratlon  dlracta  das  slgnaux,  Its  corractlona  d'ampUtude  at 
da  phaat  sort  almp lament  prim  an  crsipta,  dint  la  calcul  das  Ichantlllona  k  atockar  dans  Us  mlmnlree 
ettaquant  las  convertlaeaurs. 

Pour  lta  glnlratauri  baala  aur  la  glnlratlon  dt  la  phaat,  saula  la  corrtctlon  da  phaaa  paut  Itra  prtaa  an 
compta.  La  corrtctlon  dt  phast  so  fslt  par  chengamant  plrlodlqua  dt  1'lncrlmant  contsnu  dans  to  regtstrs 
P  da  It  Figure  2.3/1.  La  chsngement  d' Incrlment  at  felt  k  un  rythme  tris  InflrUur  I  In  frlquentt 
d'lchantlllonnaga,  car  las  srrturs  corrlglsa  sont  trks  Untss.  La  nonbrt  da  bits  das 
addltlonnsuri-accuiaulstaurs  dolt  Itrs  sufftsont  pour  qua  U  correction  solt  prlclst. 


» >•  Biiettim  BLfflMKriw 

Lei  corrections  d'amplltude  et  de  phase  peuvant  so  faint  en  utllls.int  un  attlnuataur  at  on  dlphasaur 
concandiblat.  Lat  amplitudal  da  corrsctton  sunt  falblis  ;  dts  components  aniloglques  sent  done 
prifinablta  On  proposs  U  achlma  da  prlnclpa  da  la  Flgurt  S.3/A. 

La  cholx  da  la  frlquanct  d'lchantlllonnaga  F1  dlptnd  du  spectna  das  arrauri  i  compansar.  I  ar  exempli,  al 
on  tuppota  un  nombrp  maximal  da  parlodts  qut'lta  trnaura  pauvant  avoir  pandant  la  durla  du  chirp  de  b  at 
une  durla  d'lmpuUUh  dt  30  pa,  la  frlquanca  d'lchantlllonnaga  F^  do  1 1  Itra  da  400  kHz. 

Ctlt  na  fait  que  12  Ichantlllona  i  itockar.  Las  circuit!  da  command*  da  1 ' attlnuataur  et  du  ill'  aaeur  ns 
aont  done  pea  critiques. 
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DISPOSITIF  DE  CORRECTION  D ' AMPLITUDE  ET  DE  PHASE 
FI  Burt  5.3/A 


8  -  EKEHPLE  PE  REALISATION 


5.1.  DESCRIPTION  OENERALE 

AI.CAIEI.  ESPACE  o  rdalltd  une  maquetto  sn  tochnologlu  I.CL  .it  Aslia  dent  las  prlnc Ipalos  caracUIrlatlquoa 
sent  lei  sulvantos  ; 

-  Architecture  du  type  dCcrlt  dens  la  parngrebho  2.2. 

-  Une  eeule  vole  rdellede. 

-  Tallle  mdmolre  totals  :  2  048  dchentlllons  do  4  bits. 

-  Frequence  de  fonctlonnement  Jtlsqu'A  400  MH/. 


8.2.  DESCRIPTION  DE  ^ARCHITECTURE 

Le  synoptlquo  de  la  emquetta  est  prdaent*  sur  la  Figure  6.2/A. 

I.e  convert  I  sseur  numlrlque/cnalcglque  on  technologic  Aslia  tunctlumie  A  400  Mil/.  I  os  dutmdos  Inurn  lot  .iu 
ccnvortlsseur  sont  ilbtor.uee  on  sdrlallsant  loo  denudes  do  li  mdmolres  HAM  da  capacity  2116  k  4  on 
technologle  ECL.  La  partlo  mdmolro  fonctlcnne  done  avee  una  horluge  de  4UU/B  60  Mil/. 

Lea  donndes  dot  mdmolrns  RAM  aont  chergdes  A  pai-tlr  do  mdmolres  PROM  lentes  dds  la  Mlse  ecus  tension  do 
la  maquette. 

Pour  rdduire  la  comploxltd,  eeula  4  blta  de  codxge  ont  did  uttllsds. 


Lti  compoiinti  utl 1 1i4b  tout  !•«  sulvants  : 
-  PART IE  CHAROEKENT 
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4 

PROW  2K*8 

;  2716 

S 

convartlsiaurs  TTL 

ECL  j  F 100124 

2 

convartlmuri  ECL 

TTL  1  F 100125 

1 

comptaur  dlvliaur 

i  F 1 00 136 

1 

bascule 

;  F 1 0013 1 

1 

multlplaxaur 

;  F 100 17 1 

1 

OR/NOR 

i  F 1001 0 1 

Cfttc  partis  copsoimn  MVlran  :  18. SW 


-  P ARTIE  ECL 

6  mlmoIrsB  256*4  I  F10Q422 

3  drlvsrs  ;  F100113  ; 

3  compteura  dlvliauri  ;  F100136 

Catta  partla  consoirma  Bnvlron  ;  13, 5W 


-  PARTIE  ASM  (Compoiinti  TRIQUINT) 

2  ilrlallaatiuri  ;  TQ1131 

1  comptaur  dlvlsaup  !  TQ1112 

1  CNA  j  TQ6112BV 

CfttB  pirtla  conaomma  anvlron  :  13.6W 


bYNOPTIQIJF.  DE  LA  MAQUETTE 
Figure  6.2/A 


La  conaommitlon  total!  da  la  maquatta  ait  done  do  43. 6W. 


L'axampla  prdaantd  psrmat  la  g4ndratlon  d'un  chirp  cantr8  aur  125  MHz,  da  banda  50  MHz  ot  do  durdi  5  ps. 
la  frdquanca  d'4chantUlonnaga  ait  da  400  MHz, 


la  Fltura  6,3/A  montra  la  ipactra  larga  banda  du  signal  3  la  lortla  du  crmvortliiBur.  La  rdiultat  obtanu 
ait  conforini  aux  predict  Iona  thdorlquaa  avao  la  pdrlodlcltd  du  ipactra  at  la  modulation  d'amplltudi  on 
iln  x/x  rliultant  da  I'dchantlt lonnaga  aiiac  malntlan. 


La  Flgura  6.3/B  montra  la  ipactra  du  ilgnal  cantrd  aur  la  frdquanca  da  125  KHz  (ipactra  ddilrd), 


20-12 


MKR  IBB  MHz 


SPECTRE  LARGE  RANGE 
Flgurt  6.3/A 


MKR  1520.0  MHz 

REF  .0  dBm  ATTEN  10  dB  -B4.B1  dBm 


SPECTRE  AUTOUR  DE  125  HHi 
Flgun  6.3/B 
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RI  .A1.  TIME.  AIMITIVK  RADIOMETRIC  CORRECTION 
lOR  IMAUNC  RADARS  SYSTEMS 


limn  R,  Mnrclra  A  Wlnfrled  Poetxxdi 

German  Aerospace  Research  Establishment  (Dl.R) 
Institute  for  Radio  frequency  Technology 
8031  We.ssllng,  PRO 


q' ABSTRACT 

This  paper  presents  a  new  .solution  of  a  real  lime  radiometric  image  correction  that  also  minimizes  the 
.  quantization  and  saturation  noise  introduced  by  the  process  ol  analogue-to-digita!  (A/D)  conversion  of 
!  raw  data  of  coherent  and  noli-eoherent  imaging  radar  systems.  The  implementation  of  this  procedure 
has  been  successfully  performed  with  the  experimental  SAU  System  (I,  SAP)  of  the  DI.R. 

<1 


1.  INTRODUCTION 


In  a  conventional  imaging  radar  system  the  backscattcred  signal  is  received,  downeonvetled,  mtnloguc- 
to-digital  (A/D)  converted,  formatted  and  recorded.  If  this  radar  system  is  Mown  at  low  altitudes,  IDOOm 
for  example,  the  backseat tered  signal  Intensity  will  vary  too  widely  within  the  range  swalli,  so  that  a  high 
signal  dynamic  range  of  the  radar  system  is  necessary. 

The  dynamic  range,  normally  limited  by  the  A/D-eonvertet,  cun  be  expanded  by  varying  the  gain  of  the 
IF-scction,  so  that  the  variance  of  the  signal  before  the  A/D  cnnverskm  remains  constant  and  is  inde¬ 
pendent  of  range.  The  choice  for  tire  value  of  the  signal  variance  fur  a  quantization  wiMi  a  miok-ium 
distortion  has  been  studied  by  .1,  Max  (Ref.  I)  and  O.  Gray  et  id  (Ref  3). 

The  variation  of  the  Il'-section  gain  compensates  the  range  dependent  decrease,  ul  the  hack, scattered 
signal  power.  This  decrease,  desert  bed  by  the.  radar  equation,  depends  mainly  on  the  target  range,  type 
and  incidence  angle  and  on  the  antenna  pattern.  A  typical  gain  curve  for  this  compensation  begins  with 
a  small  value  and  increases  with  range 

As  this  gain  curve  cannot  he  exactly  determined  in  advance,  due  to  inaccurate  inlommtion  about  the 
terrain  characteristics,  this  paper  discusses  a  method  to  generate  it  precisely  in  real-time.  This  method 
will  be  called  rudiumetrie  image  correction  (RIC), 


2.  RIC-SYSTEM  IMPLEMENTATION  IN  A  SAK-SYST 'EM 


Figure  I  shows  the  implementation  of  the  IUC-sysl«m  in  a  Synthetic  Aperture  Radar  (SAU)  with 
l/Q-detecdon.  The  back  scat  tered  signal  is  received,  downeonvetled  and  range  compressed.  At  the 
|P-sectlo»  the  signal  amplitude  will  be  modified  by  the  gain  or  correction  curve.  The  correction  curve 
is  realized  by  two  devices:  a  high  speed  and  a  low  speed  attenuator. 

By  a  high  speed  attenuator  the  fast  variation  of  the  correction  curve  is  generated  (normally  called  sensi¬ 
tivity  time  control  or  S'l’C) 

By  the  low  speed  attorni-  tor  we  can  adjust  the  optimum  operating  point  or  attenuation  bias  for  the  high 
speed  attenuator.  The  low  speed  attenuator  is  normally  called  automatic  gain  loulmi  or  At  ■'(' 

The  1 1‘- sign al  is  then  demodulated,  by  the  l/(J -detector  for  eranipk1,  ami  A/D -converted.  The 
RlC-systcm,  that  controls  the  AGC-  and  STC.'-atlenuators,  rends  the  converted  raw  data  and  calculates 
the  signal  Intensity  as  a  function  of  range  over  a  gHui  integration  time.  The  integration  lime  can  bo 
varied  from  several  seconds  up  to  some  minutes. 


II  MBNA!  HIUIAI  AH.’  IUOIAI  AMP. 

AMM.r  ttjLH-  apifh  ahi:  ac h'm  an: 


tdgurr  I.  Inipli'incnliiliiiii  >if  flic  real-ilmr  niillmiii'lilr  Image  cmii'ellan  (IMf) 


.i.  generating  the  st<  -curve 


figure  2  shows  I  ho  blocxdiagramm  of  tlio  adaptive  control  sy?;lorn  Cut  the  generation  ('I  I  ho  NTC-cot- 
ruction  curve.  Thu  whole  loop  consists  on  a  .sTtballemmlor,  the  A/P-convertcrs,  a  signal  simunalioii 
to  estimate  the  echo  signal  intensity,  a  comparison  of  Ihc  estimated  signal  intensity  with  a  reference  level 
given  in  Rof.  I  and  7,  ini  ideal  on-olT  relay,  an  integrator  and  a  IV  A  converter  that  genomics  the  eonlrnl 
signal  for  the  analogue  NT(  '-at lo.nii.iloi  . 

The  KtC-syslem  realizes  this  loop  for  all  the  range  bins  so  that  we  obtain  a  attenuation  eurve  as  a 
function  of  time  or  range  at  the  control  input  of  the  S'|  (  '-allenunlor. 

The  loop  parameter  to  be  changed  at  eaeli  iteration  "k"  is  the  limit  d  '  oil  lie  ideal  on-olT  relay.  The  ideal 
on-off  relay  is  easy  to  be  implemented  by  software  and  keeps  the  system  stable  with  a  known  ripple  (Kef. 
.1).  The  ripple  amplitude  at  the- output  a(k)  of  the  control  system  is  given  by  Hie  limit  d"  of  the  on-ol'l 
relay.  The  adaptive  eonlrnl  will  adjust  the  limit  'd"  with  a  large  value  lot  the  first  iterations  so  that  the 
output  converges  fast  to  the  given  reference  value,  Tin  limit  "d"  becomes  smaller  vc 1 1 1 1  the  number  of 
iterations  in  order  to  reduce  the  ripple  amplitude.  I'inalv  we  gel  a  residual  amplitude  error  of  less  Ilian 

i.o  tin. 
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4.  GENERATING  HIE  CORRECTION  CURVE 


The  eotreellon  nave  consists  of  the  NTt'imvc  and  the  ACiC-leveJ.  A  detailed  bluck  diagram  o(  the 
Sit  '-curve  generation  is  shown  in  I'lgure  l.  I  hc  algorithm  can  be  explained  as  Inllmvs: 

I  An  initialisation  id  the  Kit  system  is  made  and  a  constant  11-seolion  gain  is  progianuned. 


2,  The  calculated  si  nun  I  intensity  curve  ns  a  function  of  range  (sec  I 'inure  if)  is  filtered  using  moving 
average. 

X  The  adaptive  control  algorithm  calculates  the  STC-curve  that  is  also  filtered  using  moving  average. 
The  steps  "2"  and  T  will  bo  rupcatud  until  the  given  number  of  iterations  ot  the  control  system  is 

complete, 

4.  The  operation  point  of  the  STC-nlle.nuntor  Is  chocked,  If  the  operation  point  of  the  STC.-ntter.ualor 
is  optimum,  the  AGC-lcvcl  will  not  bo  modified,  The  operator  receives  a  message  reporting  the 
success  of  the  radiometric  correction.  The  STC-  and  AGO-dntn  will  be  recorded  for  later  analysis. 
If  no  range  compression  has  been  made,  the  STC-dalu  will  be  also  used  for  calculating  the  weighting 
of  the  reference  function  for  digital  range  compression. 

If  the  operation  point  of  the  STC-nttcnuutor  Is  not  optimum,  a  new  ACKMcvel  is  calculated  and 
programmed,  A  new  STC-curve  must  he  derived  and  steps  "2",  and  "4"  arc  repealed. 
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5.  RESULTS 


The  implementation  nf  the  RIC-, System  has  been  successfully  performed  with  the  experimental  (Miami 
SAR-system  during  nights  In  October  19N8,  The  SAR-sysicm  uses  an  l/O-detecllon  with  two  a  bit 
A/ O-converters  which  cacti  run  at  IOOMII/.  and  have  a  dynamic  range  of  2 Still  at  4PM I  Iz  nr  an  elTeetive 
bit  number  of  4  (see  Ret.  4).  As  a  system  dynamic  range  of  more  than  4IMI1  was  iei|ulrcd,  a  STC  at 
teouator  with  aprox.  I5dll  range  was  employed.  The  hardware  of  tin-  RK’-syslom  consists  of  an  Interface 
to  the  A/D-oonvertor  hufTcrs,  a  microprocessor  system  that  calculates  the  8'IV-  and  AC  1C  attenuations, 
an  8  Ml-D/A-eonvcrter  for  controlling  (lie  analogue  NTC-attenualnr  and  a  digital 7  lilt  attenuator  for  lla' 
AOC-fUnctlon  (Ref.  3, ft  and  7) 

figure  4  shows  an  example  of  a  STC-curve  generation.  The  aircraft  (l)o-22fi)  Hew  In  the  lip-down 
direction  and  on  the  led  side  of  the  image,  Hence  the  left  side  of  the  image  eorrexpomls  lo  near  range 
and  the  right  side  corresponds  to  far  range, 

The  upper  pail  of  the  iinngu  Is  processed  without  S'lV,  lids  means  witli  a  constant  STC!  curve,  In  this 
ease  the  A/l)  cnnvertcis  have  a  high  saturation  rate  In  near  range  mid  produce  n  high  quanti/atlon  noise 
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in  far  range.  In  mid  range  the  A/D  converters  work  with  minimum  conversion  noise,  The  averaged  signal 
amplitude  is  shown  in  ttic  upper  curve  as  a  function  of  slant  range. 

In  the  middle  of  the  image  the  generation  of  the  STC-curvc.  with  7  iterations  was  started.  Here  the 
R1C- system  has  averaged  32  range  lines  within  3  semnds  for  each  iteration  that  corresponds  to  n  strip 
in  the  image,  The  lighter  strip  represents  the  initialisation  and  the  next  strips  correspond  the  first,  second, 
...  iterations, 

After  carrying  out  the  seven  STC  iterations  one  obtains  the  corrected  image  shown  in  the  botton  part 
of  the  image,  The  lower  curve  shows  that  the  averaged  signal  amplitude  remains  constant  with  range. 
"The  residual  signal  variance  error  of  less  than  l.OdB  at  the  inputs  of  the  A/D  converters  was  also 
obtained 
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Figure  4.  An  example  of  the  STC-curvc  generation 

As  the  A/D-converters  used  have  an  effective  number  of  4  bits,  wo  get  from  Ref  2  the  following  con¬ 
clusions: 

•  Optimum  K.  K  is  deftned  as  the  saturation  level  of  the  A/D-converter  to  the  input  rms  voltage  ratio. 
For  a  4  bit  A/D-convertcr  we  have  the  minimum  A/D-cnnvcrsinn  noise  by  K  «  2.5. 

•  Saturation  ratio.  By  K  =  2.5  we  obtain  a  normalized  quantization  noise  power  of  1.05E-2,  a  satu¬ 
ration  noise  power  of  0.24F.-2  and  a  total  noise  power  of  1.2913-2.  Considering  the  probability 
density  function  of  the  radar  signal  before  the  A/D-conversion  as  a  normal  distribution,  we  got  for 
K”  2  5  a  saturation  ratio  of  15%. 

Figure  5  shows  the  histogram  in  far  range  of  the  image  without  S  IC  (upper  part  of  figure  4).  The  his¬ 
togram  was  calculated  from  1024  samples  of  the  A/D-convcrtcr.  The  standard  deviation  Is  7.5  and  the 
saturation  level  of  the  A/D-convertcr  is  32  considering  54  steps  of  the  A/D-convcrtcr.  The  overflow 
frequency  is  1  sample  that  corresponds  to  (1, 1  %,  The  ratio  K  for  this  case  is  4.3.  The  A/D-converter  has 


a  small  excursion,  works  below  its  optimum  operating  point  and  causes  a  high  conversion  noise  due  to 
high  quantization  noise 

Figure  6  shows  the  histogram  in  near  range  of  the  image  without  STC  (upper  part  of  figure  4).  flic 
histogram  was  also  calculated  from  1024  samples  of  the  A/D-converter,  The  standard  deviation  ist  2.11 
considering  64  steps  of  the  A/D-convertcr.  1  he  overflow  frequency  is  329  samples  that  corresponds  to 
32%.  The  ratio  K  for  this  case  is  1.4.  The  A/D-convorter  has  a  large  excursion,  works  over  its  optimum 
operating  point  and  causes  a  high  conversion  noise  due  to  high  saturation  noise. 

Figure  7  shows  the  histogram  in  near  range  of  the  image  with  STC  (bottom  part  of  figure  4).  The  his¬ 
togram  for  the  whole  range  swath  is  practically  the  same,  so  that  wc  can  take  this  example  as  a  general 
one,  The  histogram  was  also  calculated  from  1024  samples  of  the  A/D-converter.  The  standard  deviation 
is  12.7  consldering64  steps  of  the  A/D-converter,  Tne  overflow  frequency  is  14  samples  that  corre¬ 
sponds  to  1.4%.  The  ratio  K  for  this  case  Is  2,5.  This  result  matches  with  Ref  2,(  so  that  the 
A/D-converter  works  at  its  optimum  operating  point  and  causes  minimum  conversion  noise, 


Figure  6.  Histogram  of  the  A/I)-convorlcil  signal  without  STC  In  near  range.  CONVIITgg  (mcImm.') 
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Figure  7,  Histogram  of  the  A /O-con  verted  signal  wit  STC  In  nenr  range. 
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DISUIfvSlOrN 

NTannclongiic 

Viu  arc  presenting  the  phase  array  performance  as  a  main  limliaiiun  for  superrcsoluliun.  Can  you  give  us  more  detail  in 
Ihe  performance  requirements  for  the  phased  array  (beam  shape,  number  of  cells,  phase  and  amplitude  hoaiti 
calibration,  residual  coupling  etc.)? 

Author's  Haply 

Required  ueeuriiey  depends  on  separation  of  targets  und  number  of  channels,  t  or  the  given  example  of  K  elements  20" 
phase  errors  enn  lie  tolerated  for  targets  sepimued  I  1  hennmidlh.  For  closer  targets  uccuraey  requirements  increase 
rapidly, 

(J. Baker 

What  is  the  performunce  of  the  superresolution  algorithms  when  Illuminating  targets  made  up  of  many  points  senttcrcrs 
In  a  residual  background  of  correlated  non-gausslun  clutter  .’ 

Author's  Reply 

Scattering  points  separated  less  I  /lt)  heaai width  do  not  mutter,  For  seeker  heads  superresolution  as  a  glint  error 
redr  |i  m  technique  is  Important.  C  orrclutcd  non-gi.ussiun  noise  affects  significantly  target  number  determination,  not 
very  much  angle  estimation.  Field  experiments  with  clutter  will  he  dune  In  the  future  with  the  FFM  ELRA  system. 
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CONCEPT  KOR  A  SPACEBORNE  SYNTHETIC  APERTURE  RADAR  (SARI 
SENSOR  BASED  ON  ACTIVE  I  i  USED  ARRAY  TECHNOLOGY 
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For  surveillance  with  spaoeborne  remote  sensing  systems  quite  oTten  a  spatial  resolution 
of  1  m  or  less  Is  requested.  In  the  paper  a  SAR  concept  Is  presented  Tor  a  low  (Tying 
satellite, 


ywtract 


Assuming  a  peak  power  of  5  kW  and  using  motive  phased  array  technology  a  swath  width  of 
about  30  km  at  an  off  nadir  angle  of  35"  Is  considered  to  be  reasonable.  A  wide  nwath 
width  combined  with  a  high  resolution  oan  only  be  achieved  If  we  use  a  fixed  antenna 
beam  for  transmitting  which  Illuminates  the  whole  swath  width,  while  a  very  narrow 
antenna  beam  soans  the  swath  In  the  manner  as  the  reflooted  pulne  travels  from  the  near 
range  to  the  far  range  across  the  swath  width. 

For  tha  aotlve  antanne  system  a  high  efficiency  of  tha  transmit  freer  1 vo-modu 1 s ,  low 
losses  In  the  feeding  network  and  doubly  polarized  radiating  elements  with  high  polari¬ 
zation  purity  are  considered  of  utmost  Importance.  •£. . 

An  antenna  concept  based  on  the  slotted  waveguide  principle  Is  described t  , 

for  an  aperture  of  10  m  x  2  m  38800  doubly  polarized  radiating  elements  and  3840  active  / 
phase  shifter  modules  are  proposed. 

The  technology  of  the  OaAs-based  modules  with  special  reaped  to  apace  requirement  re¬ 
sulting  In  an  economic  solution  of  the  power  generation  below  3  W  per  module  lo  de¬ 
scribed. 


Keywords 

Synthetic  aperture  radar,  SCAN-SAR,  high  resolution,  active  phuaod  array,  mu J 1 1 -polar  1  - 
zatlon,  slotted  waveguide  array,  aubarray,  aotiva  T/fi-module,  SPDT-swltoh,  OaAs-ampll- 
fler, 

1 .  Intri  luotlon 

Spaoeborne  SAP  systems  have  gained  enormous  attention  after  the  short  but  successful  1 
L-band  3AR  operation  of  SEASAT  In  1978  /l/,  Shuttle-borne  SAR  systems  were  launched 
the  first  time  /27  In  1981  (S1R-A)  and  a  second  time  / 3/  in  1988  (SIH-B).  The  next, 
shuttle-borne  SAR  systems  / h ,  5/  are  planned  for  3  missions  to  be  launched  In  the 
period  between  1991  to  1998.  These  Will  be  the  Radar  Lab  Missions  (St  R-C/X-3AR ) . 

SEASAT,  SIR-A  and  SIR-B  used  horizontal  polarization  and  I. -band,  The  awath  width  was 
approximately  In  the  order  of  ICO  km  to  80  km  snd  the  spatial  resolution  around  25  in 
to  80  m.  The  main  differences  between  the  previous  three  projects  were  the  off  nadir 
angles  (SEASAT  SO',  SIR-A  87’,  SIR-B  15*  to  60‘  adjustable),  coming  Trent  the  different 
applications.  SEASAT  was  ideal  for  oceanic  research,  duo  Lo  the  strong  radar  returns 
at  20*  off  nadir,  SIR-A  Was  land  application  oriented  (enhancement  of  terrain  struc¬ 
tures,  less  sensitive  against  geometric  layover)  and  SIR-B  could  be  optimized  to  all 
disciplines  (adjustable  off  nadir  angle). 

SIR-C/X-SAR  will  introduce  new  capabilities  In  spaoeborne  SAR  sensors.  It  will  Incor¬ 
porate  multlfrequenoy,  multlpolarizetion  and  variable  off  nadir  angle.  The  swath 
width  will  change  between  15  km  end  100  km  depending  on  the  chosen  parameters. 

Oeometrlo  resolution  will  bn  around  ’’5  m  to  30  m. 

All  those  mentioned  spaoeborne  SAR  sensors  for  olvll  applications  were  limited  In  power, 
data  rate,  available  teohnology  and  attitude  control  accuracy  of  shuttle,  In  the  paper 
some  ideas  will  be  dlsouased  how  to  achieve  a  spaoeborne  SAR  sensor  with  higher  spatial 
resolution  and  a  reasonable  swath  width,  The  discussion  will  mnrentratr  cn  H>-  uulcmia 
and  Its  distributed  tranamlt/reoeive  modules. 


2.  System  Conalderstlona  for  a  Low  Flying  Satellite-borne  High  Resolution  SAR 
2.1  SCAN-SAR  principle 


It  is  a  well  known  fnot,  that  SAR  systems  have  conflicting  requirements  with  respect 
to  high  spatial  resolution  and  of  a  large  swath  width  and  one  usually  has  to  make  0 
compromise  for  a  platform  flying  at  a  specified  altitude  with  a  given  speed. 
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Reasons  for  these  system  limitations  are,  on  the  one  hand,  the  need  for  a  physically 
short  antenna  (in  flight  direction)  for  a  high  resolution  and,  on  the  other  hand, 
the  need  to  suppress  range  ambiguities.  A  short  antenna  Illuminates  a  large  area  on 
the  ground  arid,  therefore,  the  reflected  radar  signals  are  spread  over  a  large 
Doppler  frequency  band.  The  Nyqulst  theorem  requires  a  sampling  rate  (pulse  repeti¬ 
tion  frequency)  larger  than  the  Doppler  frequency.  For  n  satellite  altitude  of  250  km 
and  an  off  nadir  angle  of  3b'  the  real  antenna  aperture  needed  for  a  3AK  system 
amounts  to  at  least  1  m  to  2  m  .  The  resolution  of  1  m  (1  look  processing)  In  azi- 
muth  leads  to  a  real  aperture  length  of  i  m.  For  lha  same  spatial  resolution  in  range 
a  pulse  length  of  2,9  pseo  with  a  compression  faotor  of  600  Is  nsoeasary.  This  swath 
width  would  be  nearly  30  km  and  the  PDF  about  8  kHz.  S/N  computations  show  that  for 
the  assumed  peak  power  of  5  kW  the  antenna  gain  needs  to  be  Increased. 

A  solution  to  achieve  this  without  reducing  the  swath  width  is  to  Illuminate  the 
whole  swath  in  the  trsnemlt  mode,  but  to  scan  in  elevation  (range)  with  a  very 
narrow  beam  at  the  same  speed  as  the  pulse  travels  from  the  near  range  to  far  range 
part  of  the  swath.  In  order  to  achieve  the  narrow  scanning  beam  for  reception,  an¬ 
tenna  aperture  dimensions  of  2  i  In  azimuth  and  10  m  lr  elevation  are  assumed.  Fig, 
2,1  uhowa  a  sketched  configuration,  fig,  2.2  the  travel. lng  wave  front  for  the 
transmit  and  the  scanning  receive  mode, 

To  simplify  the  system  discussion  the  off  nadir  angle  of  the  transmit  antenna 
pattern  at  the  mid  swath  position  will  be  assumed  to  be  constant  (35* ) * ) . 

The  characteristics  of  such  a  3AR  system  are  summarized  below 

frequency  9,6  GHz 

Antenna  dimension  In  range  10  m 
in  az Imuth  2  m . 


Transmit  pattern  In  elevationt 

Boamforming  amplitude  and  pliaae  distribution  In  order  to  suppress  sldelobes  and  to 
compensate  for  naar  rango/far  range  3/N  differences,  Half  powor  benmwldth  approg,  H,5". 


Receive  pattern  In  elevation! 

No  amplitude  taper  across  the  aperture,  hut  phase  stoeiM ng-capah  11 1  l.y  for  n  brain 
shift  of  +  2,3'.  The  1  dB-boamwldth  Is  0.16". 


Trannmlt/hecelve  pattern  In  a?.  1  mutt h i 

Constant  amplitude  and  phase  distribution,  j  dB-beamwldth  Is  0.H', 


Antenna  gain,  transmit  mod"  38  dll 

receive  mode  83  dB 

Peak  power  5  kW 

Pulse  length  2, A  pa 

Pulso  compression  factor  600 

Pulse  repetition  rate  (PRF)  8  kH 

Chirp  bandwidth  (  RF-bandw  l.dth)  200  MHz 

Swath  width  single  polarization  30  k: . 

dual  polarization  15  km 


A/D  conversion  2  bit  ln-phaae  (I)  and  2  bit  in-quadralur  (w).  The  radiometric  reso¬ 
lution  depends  strongly  on  the  back  acaLLer  eonfl'J ol erit  tf' ,  on  pixel  size  and,  of' 
course,  on  speckle, 

Fig.  2.3  shows  the  Influence  or  the  signal  to  noise  ratio  for  1  look,  2  looks,  A 
looks  arid  8  looks  operation. 


1.2  Multiple  polarization 

The  PUP  Is  B  kHz  for  each  polarization.  This  means,  lor  .simultaneous  quad-polar! za- 
tion  operation,  an  interlaced  16  kHz  PRF  scheme  will  be  used.  Naturally  the  higher 
PHF  reduced  the  swath  width  from  38  km  to  15  km  in  order  to  avoid  range  ambiguities. 
Dual  polarization  means  for  example  VV  ( tranami t/reoe I ve )  and  VH  on  one  pulse  while 
on  the  next  pulse  HH  and  MV  are  selected.  This  quad-p. I arizatl on  scheme  Implies  ) 
transmit  and  2  receive  channels.  The  transmit  channel  la  changing  Its  polarization 
with  each  pulse,  while  Lho  receive  channels  are  vertically  and  hoi’ Izont.a  1  ly 
polarized. 


*)  The  electronic  beam  steering  capability  could  be  used  for  the  transmit  and 
receive  patLorn  in  order  to  gain  a  variable  mid  swath  position  (off  nadir 
angle).  This  Would  require  a  flexible  (matched)  PHF, 
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In  case  of  1  transmit  and  1  receive  channel  only,  the  interlaced  pulsing  scheme 
will  be  about  32  kHz  for  ouad-polarization.  in  this  case  the  swath  width  will  be 
reduced  to  7,5  km . 

It  should  be  mentioned  that  the  high  sampling  rate  in  azimuth  (about  4000  per  sec.) 
results  iri  a  fairly  low  bit  number  needed  for  the  A/u  converter  (2  bit  for  I,  2  bit 
for  Q ) .  Nevertheless  the  data  rate  for  single  polarization  and  swath  width  of  3d  km 
(1  m  resolution)  results  in  a  data  rate  of  about  1  Gbit/s.  in  tile  case  of  the  quad- 
poiarizatlon  mode  the  data  rate  doubles  to  2  Qbit/s  (15  km  swath  width  or  7.5  km 
swath  width  in  oase  of  1  receive  channel). 

These  very  high  data  rates  show  the  necessity  of  data  reduction  or  data  compression 
schemes.  Even  onboard  realtime  processing  helps  only  in  the  oase  of  multilook  oper¬ 
ation,  not  relevant  here.  The  data  rate  then  reduces  with  the  inverse  value  of  the 
look  number, 


3 ,  Double  Polarization  Phased  Array  Antenna  Concept 

3.1  Radiator  element  prinoiple 

The  antenna  aperture  of  2  m  *  10  m  has  to  be  filled  with  radiator  elements  about 
2/3  X  apart  from  each  other.  With  a  square  lattice  of  20  lnohes  distance  (0.64X 
at  9,6  GHz)  50.000  radiator  elements  would  be  necessary  for  horizontal  as  well  as 
for  vertioal  polarization.  Ir,  order  to  avoid  50.000  aotiva  modules  with  phase 
shifters,  subarrays  must  be  formed.  Since  in  the  azimuth  plane  a  beam  of  0,8' 
half  power  beamwldth  has  to  be  steered  less  than  1*  several,  e.g.  10  radiator  ele¬ 
ments  can  be  fed  and  steered  by  one  active  module.  This  would  lead  to  "only"  5000 
native  modules,  of  which  everyone  has  to  generate  1  W  power  in  order  to  aohiave 
5  kW  system  peak  power.  Additionally  the  possibility  of  using  an  economic  series 
fed  10-element-subarray  is  offered. 

A  simple  series  fed  antenna  subgroup  la  based  on  the  slotted  wavoguide  principle. 

A  very  Important  feat  for  the  ohoioe  of  the  radiator  elements  is  the  requirement 
of  using  horizontal  and  vertioal  polarization  in  transmit  and  receive  path.  In  this 
way  the  4  different  transmit/receive  operations  (horlzontai/horizontal ,  horizontal/ 
vertioal,  vertioal/horlzontal ,  vertloal/vertloal )  yield  further  information  about 
the  scanned  ground  area,  The  additional  information  quality  depends  on  the  polari¬ 
zation  purity  or  the  radiator  elements.  Therefore  rectangular  orthogonally  slotted 
waveguides  with  their  well  defined  fields  and  currents  are  proposnd.  The  second 
high  performance  factor  of  the  slotted  waveguides  is  their  low  loss  behavior, 

fig,  3.1  shows  the  prinoiple  of  tho  double  polarization  slotted  waveguide  array. 

The  vertioal  polarization  is  radiated  by  the  horizontal  slots  on  tho  broadside  of 
the  rear  waveguides.  The  coupling  factor  attd  therewith  the  amplitude  distribution 
along  the  redialing  waveguide  nun  he  adjusted  by  the  distance  of  the  slots  from 
the  centre  line  on  the  broadside,  The  horizontal  polarization  is  radiated  by  the 
vertical  slot3  on  the  small  side  wall  of  the  front  waveguides.  These  slots  are 
derived  from  the  alternately  lnolined  slots  in  the  small  side  wall  of  waveguides. 
Since  uridlstorted  vertioal  slots  of  that  kind  do  hot  radiate,  a  Bmal  1  cylindrical 
post  is  lntroduued  near  the  slot  center  whloh  oausea  the  field  lines  to  oroas  tho 
aiot.  The  ooupllng  faotor  can  be  set  by  the  diameter  or  the  depth  of  the  post  ln- 
Bide  the  wavoguide.  The  post  on  the  alternate  side  of  the  slots  corresponds  to  the 
alternate  inclination  of  conventional  small-side  slots.  An  Inclination  of  the  slots 
would  reduce  the  polarization  purity. 

The  slotted  waveguide  aubarraye  are  resonant  types  and  fed  Trom  the  rear  near  one 
end.  They  are  about  25  om  long  and  have  10  slots,  This  corresponds  with  an  inside 
waveguide  broad  wail  dimension  of  20,0  mm,  which  is  reponslble  for  the  wave¬ 
guide  wave  length  and  the  slot  distance  in  flight  direction.  The  waveguide  distance 
in  the  orthogonal  plane  la  about  21  mm.  The  feed  lines  of  the  horizontally  and 
vertically  polarized  element  output  oome  from  the  polarization  switch,  which  is 
operated  electronically  to  select  the  different  polarization  modes, 

3.2  Array  structure 

Tho  double  polarization  subarray  consisting  of  two  10-slot  waveguides  As  the 
smallest  building  block  of  the  array  antenna.  The  20  m*  array  aperture  therefure 
needs  3840  subarrays  of  them  and  3840  aoti/e  modules.  That  means, one  module  has  to 
generate  1.3  W  RF  power.  There  are  many  possibilities  for  the  feed  system  and  the 
combination  to  aubpenels.  One  is  shown  In  fig.  3.2.  The  output  of  the  3840  polari¬ 
zation  switches  are  attaohed  to  the  3840  active  modules.  It  seems  economic  for  the 
active  module  to  lnolude  the  polarization  switoh  as  an  integrated  part  in  the  same 
way  as  it  lno.ludes  the  transmit/reoelve  switoh  for  decoupling  of  HPA  and  LNA .  Jf 
the  oo-  and  eross-polarlzatlon  oomponents  reflected  from  the  ground  have  to  be 
received  simultaneously,  tha  aotive  modules  and  the  power  divider  system  would  be 
necessary  twios,  which  would  be  bulky,  heavy  and  expensive.  The  next  step  in  com¬ 
bining  the  subarrays  is  a  power  divider  for  24  module  in  the  elevatioh  plane.  The 
24  elements  cover  0.5  m  out  of  the  10  m  elevation  dimension.  160  power  dividers  or 
••his  type  are  neoassary.  Since  the.  sidelobe  level  of  the  elevation  plane  should  be 
below  -20  or  -25  dB  hhe  power  distribution  over  the  aperture  must  be  tapered. 
Therefore,  either  the  20  power  dividers  along  the  10  m-dlmenalon  are  tapered  and 
not  Identical  or  easier  they  are  identical  and  the  attenuator  pads  in  the  aotive 
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modules  can  bo  set  to  different  values.  The  160  power  dividers  either  oonslat  of 
10  different  types  with  respectively  2*8  identical  specimen  .cross  the  2  m- 
dlmension  or  they  are  all  identical. 

The  next  step  is  to  feed  8  power  divider  outputs  lying  along  tho  azimuth  dimen¬ 
sion.  Tills  nearly  2  m  long  power  divider  can  be  realized  m  f-r  'wo  sections 
depending  on  the  subpanel  size.  All  twenty  exemplars  f  the.':  1.  1  dividers  nre 

Identical  and  can  deliver  a  constant  amplitude  distri  ut‘  over  tho  2  ,j  azimuth 

dimension  with  high  gain,  beoausa  aidtloba  aignala  in  fit.  direction  oan  be 

suppressed  by  prooasslng. 

The  final  1 1 20  divider  extending  over  nearly  10  m  in  elevation  also  has  tapered  or 
constant  energy  distribution  and  oan  be  constructed i  for  Instance,  in  It  separated 
one-meter  parta  which  are  put  together  by  single  or  double  FIF  connections. 

The  160  power  dividers  of  li24  type  oan  be  realized  economically  In  series  division 
principle.  All  the  others  must  operate  according  to  the  parallel  principle. 


3.3  Beam  steering 

The  480  radiator  element  rows  in  the  elevation  plane  oan  be  Individually  steered  by 
►he  phase  shifters  of  the  modules.  Thus  the  0.16'  beam  oan  be  exactly  positioned 
within  the  4.6'  of  the  swath  width.  In  the  transmit  case  tho  full  A. 6*  are  covered 
by  defocuslng  the  phase  distribution. 

The  0,8‘  beam  In  the  azimuth  plane  can  bo  steered  within  less  than  +  1*  for  align¬ 
ment  corrections  by  the  8  phase  shifter  orlumns  along  the  2  m  dimension. 


4 .  Active  T/K-module  technology 

The  basic  requirements  for  active  trnnsmit/recelve  phased  array  modules  (fig. 4,1) 
Including  high  power  amplifier,  phase  shifter  and  small  signal  amplifier  are  light, 
weight  and  low  power  aonsum.itlnn.  Therefore  new  technological  solutions  and  mech¬ 
anical  design  are  necessary  for  the  T/R-inodules ,  their  mechanical  supports  and  cool¬ 
ing.  The  major  drlvera  for  the  weight  are  not  the  electronic  devices  themselves 
like  OaAa  and  31  IC'a  or  discrete  components ,  but  the  module  boxes  and  the  oeramlo 
substrates  for  the  thinrilm  circuits  with  their  heavy  metallic  baue  plates.  In  con¬ 
ventional  designs  these  parts  weigh  80  to  100  grammes  per  T/K-module  not  inclu¬ 
ding  support,  feeding,  controlling  and  cooling  equipment, 

Deaign  and  material  of  the  module  box  meat  be  matched  to  the  cooling  method,  Heat 
pipes  are  attraotlve  beoausa  of  their  effective  and  distributed  heat  extraction. 

They  oan  bo  fully  integrated  in  the  mndule  boxes  and  he  designed  as  one-piece 
parts,  With  the  optimum  heat  transfer  of  heat  pipes  materials  with  Worse  thermal 
conductivity  oan  be  used  e.g,  metallized  ceramics  for  parte  of  the  modulo  box,  to 
replace  the  heavy  base  plates  for  tho  hybrid  circuit!!  (fig.  4.2),  mono  Cu-Mo- 
laminates  or  kovar  sheets  commonly  used  to  provide  an  easy  handling  and  assembling 
of  tho  thlnfilm  devices,  are  usuully  25 ...  40/1000  Inches  thick  and  contribute  u  limit 
15  to  20  grammes  to  every  T/R-channel.  For  the  thlnfilm  substrates  the  usual 
25/1000  Inches  alumina  la  replaceable  by  10/1000  Inches  alumina  or  BeO.  Tho  latter 
gives,  in  addition  to  tho  light-weight,  an  excellent  thermal  conductivity. 

Considering  the  electronic  circuits,  most  of  the  -  omponenta  are  reallzoable  mono- 
Uthhloally  In  a  well  proven  manner,  Smali-stgria 1  ampliriere  SFDT-nwl tehee ,  phase 
shifters  and  microwave  sttenustors  with  4... 8  hi'  resolution  are  available  Tor 
different  frequencies  up  to  Ku-band  and  higher  ,<)/. 

More  critical  Is  the  situation  with  the  high  power  amplifiers,  Though  hybrid  and 
monolithic  designs  with  3  to  5  Watt  RF-oulput  and  with  sufficiently  small  dimen¬ 
sions  are  In  production,  these  components  have  still  many  problems  and  cause  high 
coat, 

Not  less  critical  Is  the  power  consumption  of  these  amplifiers,  mainly  at  X-band  and 
higher  frequencies.  Because  of  the  low  gain  of  high  power  QaAs-transistore  nL  these 
frequencies,  the  required  HP-input  power  is  In  the  order  of  15  to  20  J  of  the  out¬ 
put  power.  That  means  3  to  4  stages  with  staggered  output  power,  until  the  Input 
power  of  the  complete  amplifier  Is  la  the  range  of  the  small  signal  devices  used 
for  the  signal  processing.  Despite  the  Power  Added  Efficiency  of  such  amplifier  is 
In  the  order  of  20  to  25  *,  the  total  power  dissipation  or  a  typical  class  A  X-band 
amplifier  Is  about  15... 20  W  for  5  W  Rf-output  with  1  dB  compression  in  the  CW-mode. 
or  course,  the  smaller  the  duty  factor,  the  less  are  the  lossos,  but  In  praotlce 
considerable  heat  is  generated  and  an  uncomfortable  high  DC  current  must  be  managed 
by  the  power  supply.  To  overcome  this  problems  at  SAHs,  a  smaller  RF  power  per 
module  like  1  to  2  W  should  be  preferred,  Such  medium  power  amplifiers  can  be 
realized  monoll th leal ly  with  a  good  yield  and  much  better  efficiency  than  high  power 
devices  (rig.  4.3).  Thla  means  that  the  power  dissipation  Is  lower  and  the  DC-gatlng 
of  the  amplifier  Is  simpler,  In  addition  with  this  minor  output  power  the  DC-pulses 
during  the  duty  cycle  are  muoh  better  to  soften  by  buffer  capacitors  In  the  modules, 
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The  accomodation  of  the  active  modules  behind  tlio  radiator  elements  is  easier  for 
this  SAR  phased-array  concept,  compared  to  search  and  tracking  radar  phaaed-arraya, 
because  of  the  common  steering  of  many  radiator  elements  by  one  active  module.  That 
means,  there  ia  more  space  for1  every  module  In  the  army,  the  module  box  fan  he  lar¬ 
ger,  t.hua  the  polarization  switch  can  hr  integrated  ( r> .  fig,  M.2). 

An  additional  advantage  1  :t  the  smaller  temperature  gradient  inside  the  module  box 
because  of  the  hotter  distribution  of  the  heat,  aninee:;.  Thai,  mean.-  the  Individual 

components  operate  at  lower  temperatures,  the  electrical  data  show  less  temperature 
shifts  and  the  active  SAR  phased-array  is  more  relinble. 


References 

/ 1 /  Bernstein,  R  (Editor) 

SEASAT  Special  Issue  I,  J.  Ceophya.  Rgb.,  87(C5),  1982. 

f2/  Clmino,  J,8,,  snd  C.  Elachi  (Editors), 

Shuttle  Imaging  Radar-A  (SIR-A)  experiment,  California  Institute  of  Technology, 
.IPL  82-77,  m  pp.,  1982. 

/I/  Ford,  J.P.,  J.B.  Cimlno,  B.  Holt  and  M.R.  Hussek, 

Shuttle  imaging  radar  views  the  Earth  from  Challenger*  The  SIR-U  experiment, 
California  Institute  of  Technology,  JPL  86-10,  1 35  pp. ,  1983. 

/H/  Ottl,  H. ,  and  F.  Valdonl , 

The  X-SAR  science  plan,  Deutsche  Forschunga-  und  Verauchsanntn It  fUr  Luft-  und 
Raumfahrt,  Mittcilung,  85-17,  160  pp.,  1985 

/$/  The  Shuttle  Imaging  Radnr-C  scienoc  plan,  California  institute  of  Technology, 
JPL  86-29 ,  1986. 

fbf  Jatseh,  W., 

Bereohnung  und  Real lsierung  von  Hohl leiter-flnhl i taantennen 
ITG-Faahberlchte  99,  VPK-Verlag  Berlin  und  Offonburg,  1987. 

/!/  Alexander  D.K,  el  alii, 

A  Uniquo  Waveguide  PhHfled  Array  with  Independently  Steered  Hen  ids 
Polyteuhn.  Institut  of  Brooklyn,  Phased  Array  Antenna  Symposium  1970. 

/ 8 /  Pettenpaul,  E.  et  alii, 

Discrete  aaAa-Mlcorwave  Devices  for  Satellite  TV  Converter  1,-ont  End n, 

SIEMENS  Forschunga-  und  Entwlcklungnberi elite  13d.  13  (1984),  Nr.  Ji 

/9/  Langer ,  E ,  , 

Integrierte  ClaAs-Sohal  tungen ,  Sch lUsocle.lemcrit.r  fllr  nktive  Phancd-arrayM 
DGON,  Radar  Symp.  1986  Proc. 


.Sk«toh«cl  fwihc*  1  I  I  t.ciborno  RPomru.ry,  [  rid  l  on  t. ml  1M  l  ho  wide 

i  1 1  umlnoV.ml  trnnnmlt.  nn1.«nn«  f ootpri til.  and  Mm  narrow  nnunnlrw’ 
rone l vo  footprint 


Travelling  Wavefronts 


iranamH  antenna 


receive 

antenna 


distributed  target 


nrnmrrrrrrrmrrrrrrn 

dlitrlbulad  target 


Tra volt  t ntt  wuvr?f rorila  Tor  Lb.'  trahMlt. 1 1,  and  the  MrnrinlriK  rcrotvo  mode, 
ihu  broad  hair  power  beninwldth  of  the  hrunurnit  antenna  and  the  narrow 
beam  of  the  roerilve  antenna  arc  Indicated. 


17  dB 


G-  21,8  dB 

G  -  24,8  dB 

G  -  27  dB 

■■  T  G-27,8dB 


G-  30 


T 

1 


T 

2 


1 - r 

3  4 


T 

S 


T 

e 


T 

8 


T 

0 


Powar  added  cffialency  vs  RF-output  powar  of  HPA  related  to  10  dBm 
RF-lnput  power  In  the  X-band 


23A-8 


to  module 


Fig.  3.1.  Double  polarization  slotted  waveguide  array 


Fig.  3.2.  Active  array  etructure  and  feed  system 
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Fig.  4.1.  Block  diagram 
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DISCUSSION 


.(.Richard 

Uucllcx  unit  les  cupuutcs  muximalcs  dc  puintugc  dc  1  aniciine  cn  elevation? 

Author '•  Haply 

From  off  NADIR  35'  ±  35'  that  means  from  NADIR  to  70'  off  nadir. 


N.Lannrlonituf 

What  is  (he  value  expected  for  the  purity  of  polarisation? 

Author's  Reply 

Lower  than  -30  dll. 


I. McMillan 

Recognising  that  low  efficiency  ot  the  PA  requires  low  voltage  anti  high  currents,  wliul  solution  have  you  found  to  the 
pulse  storage  capacitors,  or,  If  no  storage,  how  do  you  hundlc  the  ca,  100  A  or  so  of  pulse  current? 

Author's  Reply 

Problem  is  basically  solved.  The  problem  is  reduced  with  medium  output  power, 


K.  van  Klooxlen 

( 1 )  The  amount  of  power  to  he  dissipated  is  high  und  hits  to  lie  rtidiuicd  in  space,  Both  front  and  backside  are  nice 
isolating  (likely  CFKP  metallised  waveguide).  How  do  you  think  to  solve  this  problem? 

(2)  The  scan  volume  is  smull  and  with  microstrip  you  would  be  able  to  operate  in  the  "dip"  of  the  s-pol  puttern  with 
reasonable  polarisation  performance.  Pleusc  comment. 

Author's  Reply 

1 1 )  The  total  surface  of  the  3N.1l)  active  modules  is  much  smaller  tlmn  the  2x  III  m’  of  the  array.  Therefore,  it  Is  not  too 
difficult  to  accommodate  heat  sink  plates  for  heat  radiation  to  space, 

(2)  The  antenna  concept  can  he  applied  also  for  u  larger  scan  volume,  For  a  sain  volume  of  ±  several  degrees  the 
slotted  waveguide  concept  shows  already  improved  cross  polarization  purity. 


(J.Bakcr 

As  you  have  only  one  receiver  channel,  how  do  you  cope  with  the  differential  dynamic  range  of  the  co-  and  cross-polar 
return  signuls? 

Authur's  Reply 

Principally,  this  has  to  be  done  with  the  dynamic  range  of  the  module  receivers  (at  the  moment,  there  tire  the  two  co- 
polurizutions  only  under  discussion,  und  the  here  mentioned  problem  is  one  ot  the  reasons  for  that).  However,  the 
question  touches  the  whole  complex  of  calibration  (Including  SIX’)  which  is  under  consideration  jus!  now,  Whereas 
external  calibration  for  all  polarizations  will  be  done  oil  the  same  way  as  for  X-SAR/SIR-t'und  l-RS- 1  (witlt  large  test 
and  calibration  areas  tor  instance  in  Ohcrpfuffenhc.lcn),  die  internal  calibration  of  this  large  array  is  just  under 
discussion  now. 


AD-  Poo  5  ?HS 
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In  tha  PHARUS  project,  a  polariuetric  C-band  BAR  is  bain*  dovalopad,  which  will  be  praaadsd  by  o 
non-polar lmetnc  teat  ayatam  oallad  PHARS.  A  motion  compensation  study  Is  also  part  of  preparatory 
studies  Cor  tha  CinaL  PHARUS  design. 

A  SAR  data  simulator  has  been  developed  as  a  tool  for  tha  investigation  of  tha  affacts  of 
aircraft  motions  on  the  SAR  image ,  From  tha  SAR  mapping  geometry,  a  terrain  description,  the  reder 
parameters,  and  detailed  trajectory  and  attitude  data  of  a  non-manoeuvring  aircraft,  tha  simulator 
generates  raw  data  with  a  given  range  resolution,  Thia  oan  ba  processed,  by  aslmuth  compression,  into  the 
SAR  image. 

A  aecondory  purpose  of  the  simulation  ia  to  datarmlna  the  impact  of  several  design  parameter 
choices,  and  to  provide  well-defined  test. input  for  SAR  processing  softwors  that  is  being  developed, 

Tha  rasults  of  test  runs  with  real  flight  data  have  been  verified  theoretically,  and  have  shown 
the  need  for  motion  compensation.  It  has  also  demonstrated  a  major  advantage  of  simulation,  in  that  it 
can  taxe  many  factors  into  account  at  tho  aama  tims,  including  far  instanoi  tha  SA?  proceoning  method, 
which  is  hard  to  do  theoretically. 
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1.  INTRODUCTION 


Thu  FHAKUS  project  (1)  aims  at  the  development  o £  a  polarlmetric  C-hond  nircrnCt  SAR  in  tho 
Motherlands,  and  is  carried  out  by  the  Physics  and  Electronics  Laboratory  TNO  (PEL})  the  National 

Aerospace  Laboratory  (NLR),  and  the  Dsift  Univaraiby  o t  Technology  (TUD).  Prior  to  the  realisation  phase 
of  the  project,  i.e.  the  building  of  PHARUS  end  flnil  software  development ,  there  is  the  definition 
phase,  consisting  of  several  preparatory  studies ,  one  of  which  it  eoneerned  with  motion  compensation.  FEL 
and  NLR  collaborate  on  this  study, 

In  ths  definition  phase,  a  teat  system  ii  also  built,  called  PHAK3,  so  that  actual  experience 
with  moat  aspects  of  SAR  can  ba  ga'ned  before  the  final  design  tor  PHARUS  la  made. 

The  first  phasa  of  the  motion  compensation  study  wet  the  development  of  an  aircraft  SAR 
simulation  program  at  FEL,  eallad  SARQEN.  Thia  simulation  has  recantly  baan  taken  into  use  by  NLR  to 
carry  out  the  second  phase  of  the  study,  the  motion  error  analysis, 

Thia  paper  foouiei  on  phase  one  of  the  study,  the  development  of  the  simulation  program  SARQEN, 
and  some  first  result*  of  simulations  with  'real*  flight  data  that  ware  mado  available  by  NLR, 


2.  SAR  SIMULATION  AND  MOTION  COMPENSATION 

Though  motion  compensation  studies  can  ba  oatriad  out  puraly  theoretically,  a  simulation  has  a 
number  of  advantages. 

In  the  first  plaoe,  practically  any  Investigation  that  can  ba  oarriad  out  theoretically  can  rUu 
be  done  with  •  simulation.  In  fact,  the  first  thing  to  do  would  be  to  velidete  the  simulation  with  a 
number  of  theoretically  verifiable  bast  runs.  However,  the  simulation  can  handle  aibuationa  which  soon 
become  too  complicated  for  theory:  all  types  of  arrora  can  ba  conaidarad,  motion  can  be  singled  out  and 
combined  as  daairad,  and  raal  flight  data  can  ba  used  diraotlyi  motion  variables  will  usually  not  be 
independent,  so  that  considering  all  of  them  'at  the  seme  time'  La  more  reallitlo  than  inooharsntly 
adding  up  an  error  budget,  Furthermore,  the  particular  asimuth  compression  method  is  taken  into  account, 
secondary  effects  which  might  otherwise  be  overlooked  will  become  apparent  in  ■  simulated  image,  and  the 
image  quality  can  be  Judged  in  any  objective  end  aubjeotlva  way, 

Apart  from  a  motion  compensation  itudy,  a  simulation  can  also  aid  the  making  of  design  choices, 
e.g,  by  determining  ambiguity  levels  or  signal- to-nolse  ratios,  and  it  can  generate  known  test  input  data 
Cor  SAR  processing  software  under  development, 


3,  AIRCRAFT  SAR  SIMULATION  'SARQEN' 

The  primary  purpose  of  the  simulation  la  to  study  asimuth  distortion  and  det'ocaiing  caused  by 
aircraft  motion.  Tha  necessary  capabilities  and  permissible  limitations  of  SARQEN  have  bean  established 
according  to  thin  aim.  The  following  simulation  model  was  considered  to  be  adequate! 

A  situation  is  i.imuiatcd  where  a  non-manoeuvring  aircraft  flies  along  a  trajectory,  which  ia 
perturbed  by  motion  deviations  in  all  directions  and  in  atbituda  (roll,  pitch,  and  yaw),  The  deviations 
are  assumed  to  be  not  ao  large  as  to  aauaa  range  walk,  but  arbitrary  otherwise .  A  certain  slant  range 
resolution  achieved  by  pulse  compression  ia  assumed,  but  the  pulse  compression  itssif  is  not  simulated, 
The  motion  reference  point  may  be  displaced  with  respect  to  ths  antenna  phase  centra,  Ths  pointing  of  tho 
antenna  li  arbitrary,  but  fixed  during  one  simulation  run,  Ths  radar  PRF  may  ba  fixed  or  coupled  to  tho 
aircraft  ground  velocity,  An  ailmuth  prssumming  factor  may  also  bs  specified. 

The  imaged  terrain  may  consist  of  any  collection  of  point  targets  in  a  two  dimensional  plane, 
each  given  by  a  position,  UCE,  end  phase  term  (complex  reflection  coefficient). 

Thus  ths  output  of  SARQEN  represents  range  compressed,  and  praaumned  coherent  raw  data,  which 
then  needs  azimuth  comprise  ion  to  form  the  SAR  image. 

Figure  1  shows  a  block  diagram  of  the  complete  simulation,  i.s.  up  to  tha  final  Image,  and  the 
organisation  of  in-  and  output  data, 


Only  relevant  in  case  of  closely  spaced  point  targets 
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Image  data 
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Figure  1.  Simulation  block  diagram 


The  input  parameters  act  organised  in  fiva  data  latat 

-  geometry  i  parameters  which  dssoribe  fixed  diatanoaa,  lika  nominal  altitude,  distance  to  tha  imaged 

swath,  displacement  between  motion  reference  point  and  antenna  phase  oantra  ato. 

•  terrain  i  daaoription  of  tha  point  tariat  coUselion 

-  radar  i  wavelength,  PRF,  power,  bandwidth,  range  resolution,  antenna  dimenaione  eto. 

•  flight  datai  six  tima  sequences!  three  position-  and  three  attitude  variables,  plus  the  time  itself 

(lima  step  is  variable). 

-  run  parameters!  describes  the  simulation  itsslf,  i.s.  ths  extent  in  sslmuth  and  range,  and  controls 

tha  selection  of  flight  variables,  and  of  variable  or  fixed  PRF, 

A  file  of  raw  data  is  generated,  along  with  >  •sumnary'  of  tha  simulation  paramatara,  some  of 
which  ere  necessary  input  for  tha  azimuth  compression  (velocity,  PRF,  wavelength,  range  eto).  The 
processing  parameters  specify  sslmuth  resolution,  weighting  parameters,  and  the  image  format:  sisa,  pixel 
spacing  etc,,  which  are  again  aiumiariied  after  processing  in  ths  image  parameter  file,  along  with  the 
resulting  number  of  linea  and  pixels, 

The  simulation  has  bean  implemented  in  the  FORTRAN  7?  lenguegs.  Since  a  simulation  such  si  this 
can  easily  become  excesalvely  time  consuming,  e  fair  amount  of  effort  has  been  davoted  to  optimisation  of 
the  computations.  Nevertheless,  some  limitations  remain)  study  of  statistical  phenomena  (specklo)  would 
require,  in  this  set-up,  collections  of  point  targets  that  are  too  large  to  handle,  but  such 
Investigations  were  not  intended, 

Figure  2  shows  how,  ideally,  the  simulation  would  be  used  in  a  aet-up  for  motion  compensation 
study,  and  how,  in  eome  esses,  this  may  be  approximated  by  •  simpler  set-up,  which  requires  only 
straightforward  uncompensated  SAR  processing,  Note  however  that  thla  alternative  aet-up  presupposes  that 
the  motion  that  is  assumed  to  bs  compensated  la  indeed  compensated  in  svary  respect,  which  ia  not  alwaya 
true,  For  instance;  phase  errors  mey  be  perfectly  corrsotsd,  but  detarioretlon  of  the  signsl-to-noise 
ratio  due  to  antenna  misalignment  cannot  be  undone,  Such  partial  compensation  of  motion  oannot  be 
simulated  in  the  eltarnative  set-up.  The  alternative  approach  should  therefore  only  be  ueed,  bearing  its 
limitations  in  mind,  Furthermore,  since  the  raw  data  generation  will  often  ba  more  time  consuming  then 
the  subsequent  SAX  processing,  it  may  even  be  more  practical  to  uee  the  first  approach,  if  an  acourate 
set  it  flight  data  is  available,  One  could  generate  a  eat  of  raw  data  using  that  sat  of  flight  data, 
after  which  processing  can  be  done  with  motion  compensation  with  any  daslrsd  error  imposed  on  the  flight 
data, 
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Figure  2.  Simulation  nt-up  for  motion  compenution  itudy 
Top  i' ideal'  eet-up 
Bottom!  aimplifiad  aat-up 


In  principle,  aubofocua  can  alao  be  Included  in  a  limulation  cycle,  However,  eomethlng  would 
have  to  ba  dona  about  tha  atatlatlcal  proparbiaa  of  tha  aimulatad  data,  to  which  autolocua  algorlthmi  arc 
inherently  aenaitive-  Adding  apackla  with  tha  proper  etatietica  to  tha  image  data,  without  aimulating  the 
underlying  phyaical  prooaaa,  ia  therefore  ooneidered  ae  a  future  extanalon, 


«,  SIMULATION  EXAMPLES 

Some  teat  aimulationa  Ware  earrlad  out  uaing  flight  data  of  an  NLR  aircraft,  a  Swearingen  Metro 
n  (Fairchild),  whloh  ia  uaad  for  Remote  Senaing  experiment!,  and  which  may  in  future  eerve  ae  the  SAR 
platform.  A  fiotltioua  aoene  waa  oraatad,  deacribtd  balow,  containing  enough  featurea  to  reveal  any 
diatortion,  dtfocuilng,  and  ambiguitiea! 

Point  targeti  ate  arranged  in  croil  track  lima,  at  9  m  interval*  (lata  than  the  range 
reaolutlon) ,  along  track  linaa,  at  variabla  Intervale,  and  ona  'diagonal'  line.  All  point  targata  have 
RCS*1  except  thoae  conatituting  the  diagonal  line,  which  have  RCB^iOO  mV  aaa  figure  3.  Tha  aimulatad 
trajectory  ia  about  SOC  m  at  IQt  m/a  ground  ipaed.  Tha  actual  flight  data  are  d.ploted  In  figure  a  t  aee 
figure  3  for  roll, pitch,  end  yaw  definltione) ,  Nota;  the  x-poeitlon  (elong  track)  ia  the  x-poeition  after 
aubtrection  of  the  nominal  ipood. 


•  In  b«tw«n 


n,urt  ».  ru»hl  path  d»t»  ovtt  *  «  »««ond  int»rv*l 


Figure  3.  Roll,  pitch,  and  yaw  deflnlt Ions 

Top  :  Roll,  pitch,  and  yaw  axes  of  the  airframe 
Bottom  i  Relative  orientation!  with  respect  to  ground  apaad 


Other  simulation  parameters: 
-  near  slant  rang* 

•  altituda 


R  ■  13  km 
H  “  6  km 


■  antanna  pointing! 

depreaslon  angle: 

eiimuth  beam  steering  angle: 

except  In  the  uneorrupted  Image  where 

-  wavelength i 

-  FRF  :  coupled  to  velocity, 

-  antenna  aperture: 

(uniform  illumination  aieumed) 

-  transmitted  peak  powari 

■  receiver  noise  factor: 

-  bandwidth: 

-  pulse  compression  ratio: 

-  range  t isolation 

-  itg’inuth  presummine  factor 

-  lever  arm  diltanca 

These  parameters  -  sxut.pt  the  liver  arm  distance, 


l  ■  0.05BB  m 

FRF  -  3300  Ha,  nt  100  ns/ a 

A  -  0.35  in  x  0. 135  in 


Pt  -  140  W 

rn  -  2  tin 

Bw  -  31  Mila 

PCR  -  100 

p  ■  S  m 
¥ft 

V  ■ 16 

■  (3.0,  1.0,  -0.3)  m 
which  la  not  known  yet  -  are  generally 


representative  of  tha  actual  PHAR9  parameters, 


Th#  • tlmuth  compreatlon  la  carried  out  using  line-by-line  (time  domain  correlation)  and  Doppler 


proceating  ( 'deramping'+FFT) .  In  both  caies  the  atimuth  resolution  pjj  li  fl  n  (2  pixala/reaolutlon  cell), 
and  raised  cosine  weighting  is  applied  to  achieve  *30  dfi  aidelobei, 
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Figure  6  shows  tha  uncorrupted  SAR  image  ( lino-by-lina  procaaaad).  As  can  be  Seen  In  tha 
vortical  line  structural,  tha  actual  resolution  is  not  as  good  aa  the  thaoratlcal  3-dh  resolution.  Tula 
is  because  n  resolution  call  only  contains  2  pixels,  ao  that  a  small  dip  between  two  point  target 

responses  cannot  ba  assn.  Around  the  diagonal,  formed  by  100  m2  point  targats,  a  light  area  is  vlaiblat 
this  ia  tha  raault  of  tha  aidalcbaa  (of  tha  aynthetie  beam)  rising  above  tha  nolae.  Tha  maximum  signal- 
to-noiaa  ratio,  for  tha  1  tn2  targata,  ia  found  to  be  about  90  dB,  after  proceedings  in  tha  'uncorrupted' 
cats,  tha  antanna  ia  perfectly  aimed,  so  that  tha  maximum  gain  ia  obtained,  Since  tha  aidelobaa  of  tha 
synthetic  beam  are  about  -90  dS,  they  do  not  clearly  show,  for  tha  1  ra2  targata*  but  they  do  for  the 
1QQ  m2  RCS  targata,  which  of  oouraa  act  20  dB  highar, 


0  pixel  value  200 


Figure  6.  Uncorrupted  simulated  SAR  image 


Figure  7  show*  the  image  that  results  whan  all  motion  variables  aa  shown  in  figure  4  are 
Included,  and  whan  tha  antanna  and  motion  reference  point  coincide  <no  lever  arm).  Since  tha  PRF  ia 
ooupisd  to  tha  velocity,  tha  x-motion  error  ia  already  compensated,  and  tha  beam  attiring  angle 
compensate*  for  part  of  tha  average  yaw,  so  that  there  ia  Little  overall  gain  loaa, 


Figure  7.  BAR  ImAti  with  motion  errors  (no  'lever  arm'  affect) 


to  gat  a  foal  of  tha  degradation  that  might  ba  expected,  aoma  approximations  of  image  i.liift  and 
defocuaing  can  ba  mads. 

lo  determine  aalmuth  shift,  tha  iinaas  motion  components  (constant  velooiby)  in  tha  y-  and  a- 
dlraction  should  ba  estimated, 

Tha  ataepaat  part  (beginning  of  trajaotory)  of  tho  y-mobion  oorrsaponds  to  about  0,43  tn/a.  Tha 
reauLting  line-of -sight  vsloeity  la: 


VL03  "  Vy,00»tea>  ’  °'<l  n,/* 

io  that  tho  shift  D  at  13  km  rang#  iat 

a* 


n  ■  v  iR  /  V 
at  vLOB  n  '  vx 


U> 


(2) 


Tha  maximum  i-valoclty  is  0,3  m/s  (second  half  of  trajectory),  Along  tha  llne-of-aight  this 

be coma a i 


VL0S  "  V-At,|V  “  °*12  (?) 

yielding  an  aiimuth  shift  of 

D  -  15  m  (4) 

ax 

As  for  dsfocusingi  A  quadratic  phase  error  oan  bs  estimated  by  considering  the  average  cross 
track  aooalaratlon  during  ona  apartura  time  (T^),  T§  ii  given  byt 

T  -  k«A»R  /  <2«V «p  )  *  0.7  s. 

a  is 

<k  la  1,1  because  of  the  weighting) 


(3) 


Clo»*r  •x«mln*tion  ot  bh*  fliahb  data  (not  shown  hara),  ravaali  bhat  tha  maximum  i-aecalerition 
2 

avaragad  ovar  0.7  s,  la  about  0.4  m/s  ,  in  Lhs  mlddia  of  tha  trajaotory.  Tha  avaragad  y-acoaiaration  has 

an  axtramum  of  -0.45  m/s,  but  this  oooura  at  tha  baglnning  of  tha  brajsctory  whara  tha  scans  happana  to 

2 

ba  ' empty'.  A  more  typical  valua  ii  0,13  m/ s  . 

An  avaraga  cross  track  aecalaration  along  tho  lina-of-slght  of  a^oa  yialds  an  ariga-of-apartura 
phasa  arror  oft 

.LM  (W.)*  te> 

A  commonly  applied  Unit  for  this  kind  of  trror  U  k»,  Tha  s-aocaleration  hot  a  Une-of-sight 
component  ot  0.16  m/a*,  is  that  •  •  0.7a,  Hotleeabla  defoeuslnt  may  ha  axpaotad  from  thia.  An  y- 

accelaration  at  0.1]  m/a1  laada  to  tftt  •  O.ta.  Ihaaa  valuta  that  ata  ’Juab  ovar  tha  limit'  confirm  tha 

improaaion  at  fi(urt  7 i  tha  dafoouolni  ii  not  totally  doatruetivo  but  oltarly  vialblo.  That#  ara, 

however,  couth  approximations,  Tha  actual  motion  containi  hilhor  order  phase  arrora,  which  haven't  bath 
considered,  ructharmora,  whan  tha  aaimuth'  compraaalen  it  done  llne-by-llne,  tha  actual  spread  ot  a 
particular  point  tartat  rasponaa  in  case  of  constant  Croat  track  acceleration,  la  determined  not  only  by 
tha  quadratic  phase  error  aoroaa  the  aperture  but  alto  by  tht  ohanilm  orientation  (linear  phase 
component)  ot  tha  aperture  ltaalf,  tinea  thia  haa  tho  affect  of  keeping  tha  target  In  tha  aynthaLlo  beam 
for  a  longer  or  shorter  time,  depending  on  tha  dictation  of  tha  aeoalaration.  Thia  does  not  apply  to 
Doppler  batch  prootaalng,  whara  a  batch  of  pixels  la  formed  from  ana  aperture. 

Figure  8  shoes  tha  raaulting  image,  whan  Doppler  praetlllhg  it  applied.  Reaauna  tor  tha  obvious 
differences  arai 

lu  Doppler  prooatcing,  a  batch  of  imago  point!  ii  farmed  from  one  batch  of  raw  data  templet. 
Therefor.,  all.  pixels  in  one  batch  Kill  be  influenced  by  the  tame  phaee  arrora  loroaa  tha  aperture,  and 
tha  degradation  la  practically  tha  tamo  tor  all  pixels  belonging  to  thia  batch  (unlaaa  motion  arrora  ara 
axtramaly  large),  Thia  oauaaa  diacontltiultlee  in  aaimuth  from  batch  to  batoh  (batch  Beam).  It  alto 
raaulta  In  occasional  'double  Imaging’  or  disappearance  of  pacta  ot  tha  team.  Furthermore,  the 
Integration  lamth,  and  thua  tha  location  ot  tha  batch  adgti  In  aaimuth,  muat  vary  with  range,  Bo,  points 
at  tha  taint  aaimuth  location,  but  slightly  separated  in  range,  may  balong  to  different  batohaa,  and 
therefore  auffer  from  different  degradation  effaotsi  thia  laada  to  dleoontinuitlea  In  range  at  well.  Ill 
gcnaral  one  can  tay  that,  for  a  given  trajectory,  tha  response  to  any  particular  point  tnrgat  depeiula  on 
tha  type  of  protecting,  where  for  Doppler  processing,  this  response  ia  hard  to  prediot.  It  would  ha  oven 
more  difficult  to  predict,  by  other  insane  than  simulation,  how  thaaa  dlftsranois  influence  the 
performance  of  autofooua  algorithms, 

Adding  tha  lever  arm  diaplaeemant,  some  mart  changes  appear,  aaa  figure  0 ,  In  tha  left  auction, 
tha  yaw  rata  goes  from  positive  to  nagatlva,  causing  a  shift  which  also  goaa  from  poaitiva  to  negatlva, 
ao  that  the  left  part  ot  tha  image  haa  shrunk,  Fob  exempts,  a  yaw  rata  of  -l,»*/a  givia  riea  to  a  y- 
veloclty  ot  -0.12  m/a,  which  oauaaa  a  -1*  m  Shift,  Defoeusing  it  hard  to  predict,  cincc  tha  variations 
can  not  ba  vary  wall  approximated  by  quadratic  arrera.  For  Instance,  the  rather  sharp  change  of  the  mil 
rata  at  two  time  Instants,  shows  up  as  a  'breaking  up'  of  tha  upper  horisontaL  Una  segment  in  tha  left 
section,  and  ot  tha  diagonal  In  tha  mlddia, 

Ai  for  gain  variational  thaaa  ara  email,  and  cannot  ba  detected  visually  ,  Thera  1c  come  gain 
variation,  how.ver,  mainly  due  to  yaw,  not  akcaading  1  dB, 


1  Unfortunately,  aoma  apparent  large  aoais  intensity  fluctuations  appear,  due  to  imperfections  of  the 
photograph. 


24-11 


Tha  aimulation  may  alto  ba  uaad  to  determine  auttable  proceialng  pararaatara.  Pot  inetanoa,  Khan 
Dopplar  procaaainl  la  appllad,  anna  fraquancy  marlin  baa  to  ba  takan  Into  account  to  aceemnodatc  the 
»-ibi|ulty  lnharant  In  a  diaorata  Fouriar  tranaform  of  a  not  atrictly  bandllmltad  al«nal.  Thla  margin  can 
ba  manipulatad  by  raaampling  batwaan  tha  focualng  and  tranafermatlon  operational  Narrowing  tha  margin 
mabaa  tha  computation  mora  aftlciant,  but  lnoraaaaa  tha  amblgultiaa.  Plgura  10  ahowa  ona  example  of  a  too 
narrow  frequency  margin;  tha  FFI  aanpllni  frequency  waa  reduced  by  a  factor  of  tour  after  the  focualng 
operation  Note  that  tha  imaged  Dopplar  fraquancy  rania  la  atill  only  a  third  of  tha  effective 
eampllni  frequency  ff 

Afd  -  V/p>  •  10*  /  d  »  17  He  (7) 

fe  eft  *  ■  «  Ha  (0> 

Though  ambiguity  levala  for  auch  prooaaaing  achemaa  could  be  determined  analytically,  thla  la 
quite  difficult,  among  other  thlnga  due  to  the  combination  of  praauirming  batora  and  averaging  after 
focualng,  or  ’daramping'  of  Doppler  fraquanciaa,  Freauimlng/ivaraglng  can  be  deacrlbad  aa  ordinary  flltar 
operatione,  but  daramping  cannot,  ainca  it  la  not  time  invariant,  In  f act,  tho  image  dearly  ahowa  that 
tha  ambiguity  vatlaa,  due  to  tha  varying  poaition  In  aaimuth  of  tha  atrong  targata.  In  auch  a  caae,  a 
a imulatlon  provldea  a  quiokar  way  of  finding  tha  anawera, 


Figure  10,  Amblgultiaa  in  a  Dopplar  proceaaed  BAR  image 


Thin  yialda  laaa  degradation  than  downsampling  bafnra  focusing 
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5.  CONCLUSIONS 

Th»  aircraft  BAR  ilmulabion  it  a  vary  ua«£ul  tool  Cor  th*  PHARUE  motion  compom ution  atudy,  bomo 
simulation  axamplaa  nab  only  allow  th«  thaoratically  varlflabla  affaota,  bub  alio  «omn  atfacta,  that  con 
ba  axpl«in«d  qualitatively,  bub  art  difficult  bo  quantity  theoretically,  aepaoially  with  raapaot  bo 
DoppUr  prooaiiin*. 

Additional  advantage*  ara  tha  poaaibiUty  to  quiokly  datarmina  tha  final  iittpaob  of  many  daaign 
para^atara ,  and  the  poaaibiUty  to  genacata  well-defined  taat  data  foe  BAR  ptooeaeing  eoftware, 

Addins  aimulatad  apaekli  la  eonaidarad  ai  a  futura  option,  whan  autofooua  algorithma  aea  to  bo 
inviatigated  uiint  aimulatad  data.  Othoe  exteneione  that  ara  eonaidarad  ara  FIR  prefiitering,  in  ataad  of 
pLain  praauntnini,  and  in-flight  baam  •aannlng. 
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discussion 


li.E.lluslum 

You  iiuvv  Holed  tlmt  the  ambiguity  level  Is  dependent  upon  tin:  processing  block  sl/e,  Is  noi  this  phenomenon  duo  lo  the 
phuse  modulutlon  of  the  spectrum  under  the  presum  filter  .1  Reuse  clarify. 

Author's  Reply 

No,  the  vurltitlun  In  umblgulty  Is  due  to  down  sampling  being  currlcel  out  before  h'l  "i'-lng  tmd  after  focusing  to  the  centre 
of  a  lunch, 'flits  down  sampling  Is  mutmt  to  avoid  excessive  redundancy,  l,c.  imaging  a  much  lurger  Doppler  frequency 
runge  tliua  the  frequency  range  of  Interest.  Since  the  focusing  is  done  with  the  full  (original)  sampling  frequency,  pixels  In 
the  middle  of  a  batch  do  nut  suffer  from  Increased  ambiguity  by  subsequent  integration,  but  pixels  near  the  edge  do.  So, 
In  Inet,  the  ambiguity  level  depends  on  the  position  of  a  pixel  In  a  hatch.  Of  course,  the  effect  depends  on  the  reduction 
of  the  sampling  frequency,  which  determines  the  h'FT  output  frequency  range, 


K.llorn 

1 1 )  Wiutt  kind  of  method  Is  Intended  to  lie  used  for  motion  compensation  In  the  IM  lAkUS  system? 

(2)  Is  it  intended  to  Implement  real  time  motion  compensation  on  bmml  the  alto  raft? 

Author's  Reply 

( I )  The  M.C,  study  Is  currently  In  progress:  It  still  has  to  he  deeldetl  what  method  will  be  required  I  Inwcvcr.  It  Is  very 
likely  that  flight  path  dtiltt  will  he  recorded  on  tape  for  off-line  correction,  supplemented  by  some  aut, .focus 
procedure.  Requirements  for  the  inertial  unit  still  lutve  to  he  determined,  according  to  the  outcome  of  this  study. 
Also,  several  nutofoeus algorithms  will  be  evaluated  In  this  study. 

(?.)  No  real-time  correction  Is  foreseen  In  the  near  future. 
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0  ^ABSTRACT 

This  paper  reports  a  new  solution  for  roal  time  motion  compensation.  The  main  Idea  Is  to  extract 
all  the  necessary  motions  or  the  aircraft  from  the  radar  backscalter  signal  using  a  new  radar  con¬ 
figuration  and  new  methods  (or  evaluating  the  azimuth  spectra  of  the  radar  signal.  Hence  an  Iner¬ 
tial  navigation  system  becomes  unnecessary  for  a  tot  of  applications.  The  motion  compensation 
parameters  for  real  time  motion  error  correction  are  the  range  delay,  the  range  dependent  phase 
shift  and  the  pulse  repetition  frequency.  The  motions  or  the  aircraft  to  bo  extracted  are  the  dis¬ 
placement  In  lino  of  sight  (LOS)  direction,  the  aircraft's  yaw  and  drill  angle  and  forward  velocity, 
Results  show  that  a  three  look  Image  with  an  azimuth  resolution  or  3m  In  L-band  using  a  small 
aircraft  19  achievable  and  the  Implementation  of  this  method  In  real  time  using  an  array  processor 
Is  feasable. 


Q_ 

\ 

Q 
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1.  INTRODUCTION 


Synthetic  aperture  radars  (SAP)  synthesize  a  long  antenna  by  transmitting  electromagnetic  energy 
and  coherently  adding  the  successive  reflected  and  received  pulses  In  order  to  obtain  high  resol¬ 
ution  In  flight  (azimuth)  dlre<  tlon.  The  resolution  In  range  direction  Is  achieved  by  transmitting  very 
short  pulses  or  by  using  pulse  compression,  To  achieve  a  coherent  Integration,  called  azimuth 
compression,  It  Is  necessary  that  phase  errors,  resulting  from  spurious  platform  motion  an  ora,  are 
compensated.  The  platform  motion  error  Is  defined  as  the  error  betwaen  the  actuul  flight  path  anti 
the  nominal  one,  For  SAR  systems  mounted  on  small  aircrafts  the  motion  errors  are  conslderobly 
high  due  to  atmospheric  turbulence  and  aircraft  properties.  Obtaining  the  motion  errors  of  the 
aircraft,  motion  compensation  can  be  realized  adjusting  the  pulse  repetition  frequency  (RRF), 
applying  a  range  dependent  phase  shift  to  each  received  pulsa  and  delaying  It.  By  adjusting  the 
PRC  one  compensates  .or  the  aircraft  forward  velocity  variations,  so  that  the  emissions  will  recur 
at  constantly  spaced  Intervals.  Adjusting  the  phase  and  range  delay  one  compensates  for  the  dis¬ 
placement  In  LOB-dlrectlon. 

This  paper  will  report  a  method  to  extract  the  displacement  In  LOS-dlrocllon,  llm  aircraft  velocity, 
the  yaw  and  drift  angle  horn  the  radar  raw  data.  This  method  Is  bused  on  the  analysis  cl  the  azi¬ 
muth  spectrum  oftho  radar  raw  dala.  The  primary  condition  to  implement  this  method  Is  the  ubp 
of  a  wide  azimuth  nntenria  beam,  This  Is  obtained  using  a  short  fixed  mounted  poncll  beam 
antenna  rather  than  an  usual  long  stabilized  antenna  (Boossweltor  nl  al,1flB3).  Thus  both  the 
complex  glm ball ng  system  and  the  dutterlock  loop  Is  avoided. 


2.  PROPERTIES  OF  THE  AZIMUTH  SPECTRUM 


Consider  the  radar  geometry  or  a  strip  mapping  SAR,  where  V,(l)  Is  the  alrcinft  forward  velocity, 
Vb(t)  the  velocity  error  In  108-dlrectlon,  I  Is  Iho  time,  PRF  Is  the  pulso  repetition  frequency,  S  the 
angle  of  the  cross-flight  direction  to  the  direction  of  a  point  on  llio  ground  and  R  tho  rnngo.  The 
antenna  points  at  a  light  angle  to  the  nominal  flight  path  Illuminating  «  swntli  to  one  Bide  of  tho 
aircraft,  Duo  to  V,(f)  and  Vfc(f)  the  trn'-'  mlliml  pulse  will  i  n  n  frequency  or  dopplor  rllspInconii’Nl 
of: 

2  •  Vv(f)  •  sin  ,9  2  ■  Vb{t)  ■  cob  ,0 

^'.topple'  . j .  I  .  | .  (1) 

where  A  Is  the  wavnlnngltl  of  Iho  liannmlttod  pulse 
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Using  the  radar  equation  the  azimuth  power  spectrum  P(f)  can  be  expressed  as  the  product: 

S(0  ^  k  G\f)  B  (0 


(2) 


where  f  Is  the  frequency.  G(A  the  one-way  antenna  gain  In  azimuth  direction  and  B(f)  the  ground 
reflectivity,  considered  real,  G4(/v  that  represents  the  antenna  pattern,  can  be  shifted  In  frequency 
by  the  combination  of  yaw  end  drift  angle  <p  and  the  velocity  In  LOS-dlroctlon  V,(f)  as  follows: 


,  ..  2  ■  Vv(f)  •  sin  <p(t)  ,  2  Vb{t) 
I - '+  X 


(3) 


where  f,  is  the  frequency  shift  of  G4(/),  <n(f)  -  *(/)  +  j?(f),  #(f)  Is  the  yaw  and  /)(()  Is  the  drift  angle 
of  the  aircraft.  Bty),  that  represents  the  ground  reflectivity,  can  be  shifted  In  frequency  by  the 
velocity  In  LOS-dlrectlon  Vb{t)  as  follows 


fr& 


2  •Vcffl 

X 


W 


where  t,  is  the  frequency  shift  of  S’(f). 

The  extraction  of  the  motion  errors  of  the  aircraft  Is  based  on  two  methods.  The  first  method  ana¬ 
lyses  only  the  ground  reflectivity  part  of  the  azimuth  spectrum  and  Is  called  Reflectivity  Displace¬ 
ment  Method  (RDM).  The  second  method  analyses  only  the  antenna  pattern  part  of  the  azimuth 
spectrum  and  Is  called  Spectrum  Centroid  Method  (SCM). 


3.  THE  REFLECTIVITY  DISPLACEMENT  METHOD  (RDM) 


The  reflectivity  displacement  method  analyses  the  frequency  shift  between  two  ground  reflectivity 
functions  of  adjacent  and  strong  overlapping  azimuth  spectra.  It  Is  considered,  that  the  ground 
reflectivity  function  9(f)  has  a  high  contrast  defined  as: 


so  that  the  antenna  pattern,  that  has  a  wide  beam  In  azimuth  direction,  can  be  considered 
approximately  Independent  of  frequency.  The  frequency  shift  V(f)  between  two  ground  reflectivity 
functions  can  be  derived  from  eq.  1  and  4  and  expressed  as: 


V(f)«. 


2  •  V?(f) 1  Af  |  2  ■  Vftff)  ■  At 


X  ■  R 


(6) 


where  R  the  range,  A(  the  time  Interval  between  the  two  adjacent  azimuth  spectra.  The  maximum 
bandwidth  of  the  frequency  shift  function  V(f)  Is  dependent  on  M  and  Is  expressed,  considering  the 
sampling  theorem,  as: 


BWV 


1 

2-  M 


(?) 


The  frequency  shift  V(t)  can  be  determined  from  the  position  of  the  maximum  of  the  correlation 
between  two  adjacent  azimuth  spectra,  This  way  glveB  a  very  accurate  frequency  shift  due  to  the 
fact  that  the  two  adjacent  azimuth  spectra  are  strongly  correlated, 

As  we  get  V(t)  by  this  correlation,  the  acceleration  in  LOS-dlrectlon  >',,(1)  must  be  separated  from 
the  forward  velocity  V,(t).  This  is  done  using  a  low  end  e  high  pass  filter,  The  forward  velocity  has 
a  very  tow  bandwidth,  for  example  0  to  0.05Hz  assuming  a  turbulence  with  a  standard  deviation 
of  about  1m/s  and  a  small  aircraft  as  the  Dornler  Do228,  The  acceleration  In  LOS-dlrectlon  hae  a 
much  higher  bandwidth,  where  only  the  higher  frequencies  are  Important  for  motion  compensation, 
for  example  frequencies  higher  than  0.1Hz,  Considering  the  power  spectral  density  (PSD)  of  the 
acceleration  In  LOS-dlrection  and  the  PSD  of  the  forward  velocity  of  the  Do228  aircraft,  we  get  an 
overlap  between  the  two  terms  of  eq.  6  of  less  than  -15dB  so  that  both  the  forward  velocity  and  the 
acceleration  In  LOS-dlrectlon  can  be  well  separated  from  each  other.  The  displacement  In 
L08-directlon  Is  obtained  integrating  two  limes  the  acceleration  In  LOS-dlrucllon,  Figure  1  shows 
the  block  diagram  of  the  reflectivity  displacement  method. 


The  accuracy  of  RDM  depends  on  (he  contrast  K  of  the  reflectivity  function  B(f),  By  Imaging  land 
surface  that  Is  not  homogeneous  we  get  always  a  high  contrast  K,  that  Implies  a  high  accuracy  or 
the  RD  method.  By  imaging  an  homogeneous  source  as  sea  or  desert  we  get  a  low  contrast  K,  thal 
Implies  reduced  accuracy  of  the  RD  method,  The  degradation  of  the  accuracy  of  the  displacement 
In  LOS-dlrection  with  the  decrease  of  the  contrast  K  Is  greater  than  the  degradation  of  the  accuracy 
of  the  forward  velocity. 


Figure  1.  Block  diagram  of  tha  Reflectivity  Displacement  Method  (RDM) 


4.  THE  SPECTRUM  CENTROID  METHOD 


This  method  basically  determines  the  doppler  centroid  of  the  antenna  pattern  part  G\l)  of  the  azi¬ 
muth  apectrum.  Aa  the  beamwldth  of  the  antenna  In  azimuth  direction  Is  very  wide,  the  method 
using  the  azimuth  frequency  spectrum  of  the  processed  complex  Imagery  (U  et  at,  1985)  has  a  very 
low  bandwidth,  due  to  the  Illumination  time  of  the  antenna  (hat  Is  longer  than  30s  In  t-band. 

As  the  Illumination  time  ortho  antenna  Is  long  the  ground  reflectivity  can  be  determined  very  pre¬ 
cisely  using  a  Kalman  filter,  If  the  reflectivity  does  not  change  wllh  the  time  very  m"ch.  Extracting 
the  ground  reflectivity  from  the  azimuth  spectrum  we  can  determine  the  doppler  centroid  with  high 
accuracy  and  bandwidth.  The  accuracy  of  the  ground  reflectivity  prediction  depends  on  Its  contrast 
K.  If  K  Is  high  the  ground  reflectivity  varies  strongly  with  the  lime  due  to  bright  targets  that  always 
have  a  variable  and  not  predictable  reflectivity.  If  K  Is  low,  the  ground  reflectivity  can  be  easily 
determined. 

The  doppler  centroid  of  the  calculated  antenna  pattern  Is  shifted  by  ip(f)  and  1 4(f)  according  to  the 
eq.  3,  tp(t)  Is  a  combination  of  the  vaw  aft)  and  the  drift  angle  fi{t)  of  the  aircraft,  Yaw  motion  Is 
caused  by  turbulence  and  aircraft  instability  and  the  drift  angle  Is  caused  by  wind.  The  yaw  motion 
has  a  high  bandwidth  and  the  drift  angle  has  a  very  low  bandwidth,  so  thal  > p(l)  has  almost  the 
same  bandwidth  as  the  velocity  In  LOS-dlrectlon,  Thus,  they  have  to  bo  separated  considering  the 
geometry  of  the  aircraft.  The  displacement  In  LOS-direcllon,  yaw  nnri  drift  angles  arc  calculated 
by  estimating  the  doppler  centroid  of  the  calculated  antenna  pattern  In  near  (C.„(f))  and  far  range 
(C|(f))  and  evaluating  the  data  of  a  high  precision  baromeler  (B,(f))  supported  by  a  radar  alllmeter 
(H(f)),  The  yaw  motion  Is  separated  from  the  drift  angle  via  a  high  and  a  low  pass  filler,  Figure  2 
shows  the  block  diagram  of  the  spectrum  centroid  method  (SCM). 

Finally,  the  SCM  works  with  high  accuracy,  when  the  contrast  K  of  the  ground  leflectlvlty  la  low. 
When  the  contras'  K  Increases,  the  degradation  of  the  accuracy  of  the  displacement  In  LOS-dlrec- 
tlon  and  of  the  yaw  angle  Is  greater  than  the  degradation  of  the  nccuncy  ol  Ihe  drift  angle. 
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Figure  2.  Block  diagram  of  the  Spectrum  Csntrold  Method  (SCM) 


5.  COMBINATION  OF  THE  MOTION  EXTRACTION  METHODS 


The  combination  of  the  two  methods  Is  Implemented  to  Increase  the  accuracy  of  the  displacement 
In  LOS-dlrectlon.  Thus  the  accuracy  of  the  displacement  In  LOS-dlrectlon  will  be  almost  Inde¬ 
pendent  of  the  contrast  K  of  thB  oround  reflectivity  funcllon.  This  Is  Implemented  giving  different 
weightings  to  both  methods  according  to  K. 


8.  RESULTS 


This  motion  compensation  system  has  been  successfully  Implemented  off-line  with  the  raw  data 
of  the  Experimental  3AR  8yetem  of  DLR  (Horn, 1988).  The  main  features,  that  this  system  has,  are 
a  high  PRF  and  an  azimuth  antenna  width  of  46”  in  L-band  and  17"  In  C-band,  Figure  3  shows  an 
example  ot  motion  compensation  where  the  displacement  In  LOS-dlrectlon  In  near  range  Is 
represented  on  the  bottom,  The  main  parameters  for  motion  compensation  were: 

•  Illumination  time  >  30s, 

•  Implementation  only  of  the  RD-m#thod. 

•  Bandwidth  In  L08-dlrectlon  at  0,1  up  to  1Hz, 

•  Bandwidth  of  forward  velocity  a  0  up  to  0,08Hz. 

•  Number  of  range  bins  for  the  averaged  azimuth  spectrum  :  32, 

•  Number  of  averaged  azimuth  spectra  used  ;  20 

•  Estimated  residual  error  of  dlspl,  In  LOS  :  8mm  (la). 

•  Estimated  residual  error  of  forw.  veloclly:  O.lm/s  (la). 
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Figure  3,  Example  of  Motion  Compensation  with  the  RD-method 
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DISCUSSION 


J.PHatdangt 

Jusqu'  A  quei.e  frequence  de  motivements  ce  trallement  pnuvaii-il  itrc  applique? 

Author^  Reply 

I  suppose  that  this  method  can  be  applied  at  higher  frequencies  than  0,84  He,  as  it  is  the  case  In  our  system,  but  this 

require!  falter  computing  lyitemt, 


J.Bnder 

(1)  Is  the  correlation  of  consecutive  azimuth  spectra  done  with  complex,  amplitude  or  power  spectra? 

(2)  Could  you  wy  something  about  the  Hate  space  of  the  Kalman  filter  predicting  the  reflectivity? 

Author’s  Reply 

(1)  We  use  azimuth  power  spectra, 

(2)  No,  I  have  to  refer  to  Mr.Morelra. 


R  Hooge  boom 

Whut  Is  the  PRF  In  your  system;  docs  It  fully  cover  the  wide  Doppler  spectrum  due  to  the  large  antenna  bcumwldth?  Is 
there  any  spectral  folding?  Is  the  raw  data  recorded  at  this  high  PRF,  or  is  there  any  data  reduction? 

Author's  Reply 

The  PRF  is  1  KHz;  the  Doppler  bandwidth  In  C-Qand  is  about  700  Hz  with  an  azimuth  beamwldth  of  17  Deg.  Azimuth 
ambiguities  are  well  below  —20  dB  in  the  processed  part  of  the  spectrum,  Presently,  the  data  are  recorded  ut  u  rule 
according  to  the  1  KHz  PKF.  We  apply  no  dam  rate  reduction, 
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Pour  diepoaer  d'una  Conotion  oleaiifioation  daa  oibla*  m«rin«i  lur  un  radar  adroportd 
da  aurvalllano#  maritime,  THOMSON-CSF  ddveloppi  un  ayatAm#  d'imagarle  haute  rdaolution. 
La  forma  d'onde  utiliad*  ptrmet  d'obtanir  une  haut*  roaolution  an  diatanoa  at  d'aCCeotuer 
un  traitamant  oohdrant  qui  aoorolt  la  rdaolution  natural la  da  l'antanne.  Laa  mtfthedee 
uauallaa  d'imagari#  aynthdtique  SAR  ou  I8AR  na  aont  paa  diractamant  applicablaa  puiaqu* 
la  oibla  at  la  radar  aont  mobile*.  La  traitamant  adaptd  tiant  eompte  daa  apdoificltd* 
du  problem*  at  aa  aitua  antra  la  traitamant  SAR  at  la  traitamant  ISAR.  D'autr#  part, 
1' image  rdaultante  eat  dgalamant  hybrid*  at  aon  interpretation  n'aat  poaaibl*  qua  *i 
lea  daux  phdnomAnn*  aont  pris  an  oompta,  Daa  amdlioration*  da  la  aignature  ainai  oktanue 
aont  alora  anviaagaabla*  pour  randr*  plua  affiaace  l'idantif ioation  manuelle  ou  automa- 
tiqua  da  la  oibla  ddtaati*. 


IMTHODUCTIOH 

La*  radar*  da  aurvaillance  maritime  future  devront  permettre  daa  traitamant*  intolligant* 
da  1 1  information.  En  particular,  la  ddaignation  d'objaatif  comportera  laa  indication*  do 
localisation,  da  vitaaaa  at  da  cap  da  la  oibla  ainai  qu’un*  fonotion  identification.  11 
eat  done  Important  da  diapoaar  d'una  aignature  daa  oiblat  marines  exploitable  pout  une 
olaaaif icatian  manuall*  ou  automatique.  L'imagarie  radar  haute  rdaolution  aemble  rdpondro 
A  at  baaoin.  En  affat,  un  traitamant  aynthdtique  ddrivd  da*  trnitair.enta  SAR  et  ISAR  four- 
nit  dana  la  majority  daa  conf lgurationa  opdrationnelle*  une  vue  en  porapective  du 
navir*  A  identifier  *t  une  analyie  ddtaillee  daa  oompoaanten  dt  1' image  aynthdtique 
parmat  da  ddflnir  daa  traitamonta  d1  image  qui  fournlrunt  uno  silhouette  du  r.avire, 
Cette  silhouette  paut  alora  Atre  analyaeo  pa>  un  opdrateui  humain  ou  un  proccaaeur 
automatique. 
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En  imagaria  radar  hauta  rdaolution,  doux  taohnlquaa  aont  a  prion  utiliaabloa  i 

-  i'antenne  aynthdtique  diraota  ou  SAR 

-  l'antanne  aynthdtique  inverae  ou  ISAR. 

Dana  laa  daux  oaa,  l'imaga  attandua  eat  una  projection  plana  oil  la  premiAro  dimanaion 
eat  la  rdauitat  d'una  analyaa  fine  de  la  diatanca  radar  et  oil  deux  doho*  aituda  &  la 
mtma  distance  aont  adparda  par  affet  dcpplar,  Laa  daux  mdthodaa  a*  diatinguant  par 
l'origine  daa  vitaaaa*  daa  dchcia,  la  traitemont  qui  an  eat  ddduit  et  la  plan  de  projec¬ 
tion  da  l'imaga  obtanua. 


1.1.  JBfiB 

L'antanne  aynthdtiqua  diracta  rat  largement  utiliada  an  cartographie.  Lea  dcart*  da  vi¬ 
taaaa  ront  ordda  par  l'avancamant  lindaire  at  uniforms  du  portsur  radar  k  antenna 
latdral*  et  sent  lida  A  la  position  an  aaimut  daa  diffusaura.  Cette  teohniqua  fournit 
una  image  fins  da  oiblas  fixe*  avao  une  rdaolution  optimal#  lersque  l'antanne  sat  pointde 
A  90  dogrda  da  la  routs  avion,  La  traitamant  adaptd  eat  une  correlation  avao  une  fonotion 
da  rdfdranoe,  la  rdpliqua,  qui  ddpend  daa  caractdriatiquaa  da  vol  de  l'avion  (1,2), 
Catta  rdpliqua  eat  oalaulda  A  partlr  de  la  cantrala  k  inertia  da  l'avion  ou  dvelude 
A  partir  du  aignel  ragu.  Pour  una  rdaolution  dennde,  1*  temp*  d' intdgration  ndcaaaaire 
arolt  avao  la  diatance  radar-eibla. 


Ce  traitement  appllqud  4  un  radar  da  surveillance  maritime  4  antenna  latdrale  fournit 
una  vua  do  daeeua  du  naviro  k  Identifier  dont  la  rdaolution  an  azimut  eat  ddgradde  par 
lea  mouvementa  lindairee  de  la  cible  i  da  plus  die  quo  la  navire  prdaent.e  dea  ozcilla- 
tiona  1 ' image  obtonue  n'eat  plus  la  vue  do  deaauz  attendue  car  la  position  dea  dchos  eat 
modifide  par  U>ur  vitesse  propre,  aouver.t  lido  4  lour  hauteur* 


1.2.  I BAR 

L1  antann.  zynthdtique  invana  zamble  plua  indiqude  pour  obtanir  l’imaga  d'uno  oibla  an 
mouvement.  Bon  prinoipe  eat  bian  eonnu  dana  le  cat  d'un  radar  immobile  (3,4).  Lae  doartz 
an  vitaaaa  utiliide  pour  diaoriminer  let  dchoa  sltudz  A  la  mtmz  diltanoe  du  radar  aont 
crdds  par  lea  mouvamanta  propraa  da  la  cibla  dont  l'amplaur  at  la  direction  aont  an  gdnd- 
ral  inoonnua.  Pendant  la  traitamant,  la  mouvamant  de  la  oibla  eat  aaaimild  4  una  rotation 
da  veotaur  conatant .  La  traitement  adaptd  art  done  una  aimple  analyaa  apactrala  (5), 
L 1  image  obtanua  ait  uni  projection  aur  un  plan  oontanant  l'axe  radar-cible  at  ptrpandi- 
oulairo  4  l'axo  inatantand  de  rotationli).  Catte  technique  n'eat  effioaoe  que  ai  la 
oibla  ait  ar.imda  da  mouvamanta  da  rotation  dont  l'axa  inatantand  n'eat  paa  paralldle  4 
ia  ligne  da  viade. 

Par  example,  peur  un  navira  an  tangaga,  parolldla  4  l'axe  radar-cible,  le  traitement 
IBAR  donne  una  vue  da  aotd  i  c'eat-4-dlre  una  projection  aur  la  plan  oontenant  l'axa 
Longitudinal  du  navire  at  aes  auperatruoturaa ,  La  rdaolution  et  la  faotaur  d’dohalle 
■ur  le  deuxi&me  axe  (celul  dea  hauteura)  aont  fonotion  de  l'ampleur  doa  mouvementa 
qul  eat  a  priori  inconnue,  De  plus  al  la  navire  n'eat  paa  paralldle  4  la  ligne  de  viede 
qui  appartlent  toujoura  au  plan  de  projection,  11  eat  comprimd  on  distance  d'un  facteur 
proportionnel  au  coalnua  de  l'angle  ddfinieaant  la  route  du  navire  par  rapport  4  l'axe 
radar/oib.lo*  Lea  dimenaione  rdellea  du  navire  (lonqueur  et  hauteur)  aont  proportion- 
rellea  4  cellos  de  1' Image  male  reatent  inconnuoa. 

Pour  un  radar  adroportd  4  antanne  latdrale,  le  plan  de  projootion  de  1' image  obtenue 
par  traitement  tSAR  eet  plua  complexe,  En  offot,  'analyse  apactrala  oet  dgalemenh 
aenaibla  4  Xa  vlteaae  de  l'uvion  et  la  poaitlon  dee  dchon  aur  ) 1  image  oat  done  fonotion, 
outre  leur  hauteur,  da  lour  poaitlon  en  azimut.  La  reprdaentation  du  navire  eat  en  fait 
une  perapective  qul  permot  de  connaltra  la  longuour  rdolle  du  naviro  mala  la  hauteur 
vraie  doa  euperetructurea  no  rdaulte  plua  d'une  aimple  homothdtie  aur  le  douxifimn  axo. 
D'autre  part,  la  rdaolution  aur  cot  axe  eat  digrad de  par  l'avancament  du  porteur. 


1.3.  Conoluelon 

Die  que  la  radar  et  la  oibla  ont  dea  memvamonta,  1'  Imago  obtonue  par  traitement  SAR  ou 
ISAH  n'eat  plua  une  projection  aur  un  plan  horizontal  ou  vottieal  mala  eat  une  reprdaen- 
tation  antre  la  "vue  do  deaeua"  f SAR )  et  la  "vue  da  profll"  (ISAR).  Bn  offot  pour  un 
radar  adroportd  an  antenna  latdrale  et  un  navire  prdaantant  doa  oaoillutionz  de  roulie 
at  (ou)  tangage,  lea  daux  typoe  de  traitement  forunlaaent  une  vue  an  parepactivo  qui 
donne  dae  informationa  aur  1' attitude,  la  longueur  et  la  poaitlon  doa  auperatruoturaa  du 
navira.  four  intarprdter  1' image  obtonue,  11  eat  ndeeauaire  de  comprendre  toua  lea 
phdnomiinoa  4  l'orlgina  da  aa  formation.  Da  plua,  1 'analyaa  dea  diffdrentaa  source!  do 
mouvoment  permot  do  Jdflnir  un  traitemont  aynthdtlquo  adaptd  antru  la  SAR  ot  1'IBAR 
qui  amdllore  la  rdiolutian  par  rapport  aux  deux  autres  tochniquna.  II  eat  montrd  dana 
la  aulte  que  co  traitement  oat  une  corrdlation  dont.  la  rdpliquo  eat  calculde  4  partir 
do  la  oantralo  4  inertio  de  l'avion  et  de  certains  mouvoments  da  la  cibla  dvaluda  par 
prd-traitemont. 
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2.1.  Analvaa  deg  vltanaa  da  la  olblg 

Pout  determiner  la  traitement  adapts,  lea  originea  poaaiblea  da  vit.eaaea  dea  diffuaeura 
da  la  oibla  par  rapport  k  1' avion  aont  raoanidta  i 

•  l'avanoamant  lindaira  du  portaur  radar, 

-  laa  tranalationa  da  la  dole, 

-  laa  mouvamanta  angulalraa  du  navira  (roulla,  tangaga,  laoat). 

Beulao  laa  viteiaui  radlalat  ont  une  influanoa  aur  la  frdquenoe  dopplar  daa  dohoa  at 
dona  aur  la  formation  da  l'imaga  t  laa  mouvamanta  angulalraa  d'axa  inatantand  da  rotation 
parallkla  4  la  ligna  da  viada  na  aaront  paa  conaiddrdi. 

Lea  tranalationa  da  la  oibla  aont  duaa  4  l'avanoamant  du  navira  aur  la  aurfaoa  da  la  mar 
at  au  pilonnement.  La  pilonnamant  aat  an  gdndral  trda  faibla,  il  lnduit  une  vitaaaa 
radiala  proportionnalla  d  la  hauteur  do  l'dcho  at  aontribua  d  la  part  "vua  da  profil" 
da  l'imaga. 

L'avanoamant  lindaira  du  navira  aa  ddoompoae  an  una  vitaaaa  tangentiella  (paralldla 
d  cella  da  1, 'avion)  at  una  vitaaaa  radiala.  La  vitaaaa  radiala  n’a  paa  d'lnoidenoa 
aur  la  formation  da  l'imaga  puiaqu'ella  a  una  valaur  idantique  aur  toua  laa  pointa 
aituda  d  la  'mime  diatanoa.  Ella  doit  ndanmoina  itra  ivalude  pour  corrigar  laa  migratlona 
an  oaaa  diatanoa  qu'alla  induit  qui  pourraiant  ddgrador  l'imaga. 

La  vitaaaa  tangentiella  du  navira  a  un  oomportement  idantique  d  la  vitaaaa  du  portaur. 
En  affat,  alia  modifie  la  vitaaaa  lindaira  apparanta  de  l'avion  par  rapport  d  la  cible. 
c'eat  dona  oathe  vitaaaa  apparanta  (vitaaaa  da  l'avion  molne  vitaaaa  tangentiella  du 
navira)  qui  aat  prlaa  an  compta  pour  la  oaloul  da  la  rdpliqua.  Catta  aompoaanta  parmat 
comma  dana  la  oaa  d'un  traitemant  BAR  da  adparar  daa  pointa  aituda  d  daa  aaimuta  diffd- 
rantt  at  eat  d  l'origina  da  la  partia  "vua  da  deaeua"  da  l'imaga. 

Lea  mouvamanta  angulalraa  d'axa  parpendiaulaire  d  la  ligna  da  viada  at  A  la  route  de 
l'avion  (laoit)  aont  an  gdndral  negllgaablat ,  Ill  induiaent  dgalemant  daa  vitaaaa*  radi- 
alaa  fonation  da  la  poaitlon  an  aiimut  da  l'daho  at  oontribuant  d  la  part  "vua  de  desaua" 
de  l'imaga.  La  vitaaaa  radiala  due  au  laoat  eat  auppoade  oonatante  durant  la  tempa 
do  traitamont  at  n'eat  done  paa  prlaa  en  oompta  dana  lo  oaloul  de  la  rdpliqua. 

Enfin,  laa  mouvamanta  angulalraa  d'axa  parpondioulaire  d  la  ligna  da  viada  at  paralldla 
4  la  route  da  l'avion  (combinaiaon  de  roulla  at  da  tangaga)  na  modtfient  paa  non  plua 
la  oaloul  da  la  rdpliqua  adaptda.  11*  parmattent  da  diatlnguar  do*  dohoa  aituda  &  dea 
hautaura  diffdranta*.  En  affat.,  la  vitaaaa  radiala  induita  eat  porportlonnolla  d  la 
vitaaaa  angulaira  inatantando,  auppoadn  oonatante  pendant  la  tempa  de  traitement,  at 
d  la  hauteur  da  l'daho.  Cette  dernidre  oompoaante  daa  mouvamanta  forme  la  partia  I  BAR 
ou  "vua  da  profil"  da  l'imaga. 


2.2. 

La  traitement  adaptd  aat  una  oorrdlation  comma  dana  la  oaa  du  BAR  mala  aveo  un*  rdpliqua 
fonation  do*  mouvomontr  do  la  oibla  at  du  l'avion.  La  oibla  dtant  Isolde,  la  oorrdlation 
pout  fltra  afioctuda  par  oimpln  tranaformda  de  fourler  (7)  i  o'oat-d-diro  quo  lo  algnol 
regu  aat  multiplid  par  1*  rdpliqua  adaptda  at  la  tranaformda  de  fourler  eat  appllqude 
au  rdaultat  do  aette  multiplication. 

La  rdpliqua  aat  oonnue  par  un  prd-traitement  qui  dolt  fournir  la  vitaaaa  tanqantiollo 
do  la  'Lblo.  pour  na  pas  ddgradar  l'imaga  par  del  migratlona  en  diatanoa,  la  viteaso 
radiala  da  la  oibla  doit  aueai  dtre  dvaluda  par  prd-traitement. 

La  traitument  propoed  oat  done  la  auivant  i 

-  1'analyae  fine  en  diatanoa  oat  effeotude  (oomptBasion  d'impulslon,  atrotch,  bandu 
aynthdtiquo,  ...)  pour  adparar  lea  dohoa  Bn  oaaa  diatanoa  (8,9). 

-  Sur  chaque  oaaa  diatanoa,  lea  effeta  dea  mouvem  nt.a  paraaitoa  de  l'avion  aonnua  par 
lea  informations  da  la  centrals  A  inertia  at  dvantue) lament  de  oaptours  acodldromdtrique 
aont  oorrigdn.  11  auffit  da  multiplier  la  aignal  regu  par  un  aignal  dont  la  phaaa  tiant 
oompta  de  cea  paraaltea.  Eventuallement  oatto  phase  peut  inolure  Is  Vitesse  uniform* 
do  l'avion  pour  prd-£oca User  lo  aignal  4  traiter, 
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-  Le  prd-traitemsnt.  ou  autofocaliiation  do  signal  paut  4tre  una  aimple  analyse  apactrale 
is  chaquc  caae  distance.  In  effat  Cette  analyse  donna  aur  cheque  cata  la  frdquanca 
dopplor  da  l'dcho  dominant.  Sur  la  majority  dea  cases,  cat  Echo  8  una  hauteur  nulls  (lea 
superstructures  occupant  une  partie  relativement  ridulte  du  navlre)  et  done  sa  frequence 
eat  uniquement  fonction  de  la  position  en  ssimut  do  la  cible,  Lea  cases  ou  catte 
frequence  est  modifide  par  la  hauteur  de  l'dcho  peuuent  dtra  dlimindes,  La  fonction 
donnant  la  frdquanue  du  signal  an  fonction  da  la  case  distance  analysis  eat  alors 
lindaira  at  aa  pent*  aat  lids  k  la  prdaantatian  du  navira  par  rapport  k  la  ligne  da 
viada,  Una  rdgraaaion  lindaire  aur  laa  casta  diatanoa  ratanuaa  parmat  dona  da  trouvar 
l'oriantation  de  l'axa  longitudinal  du  navira  par  rapport  k  l'axe  radar-cibla.  D'autre 
part  la  moyenne  das  frdquencas  aur  1' ensemble  dea  oaaaa  diatanoa  ratanuaa  aat  uniquamant 
fonotion  da  la  vitaaaa  radiala  du  navira  qui  paut  khra  ainal  oaloulda.  La  vitaaaa 
tangantialla  aat  ddtarminde  k  partir  da  la  vitaaaa  radiala  at  da  la  prdaantation  du 
navira.  s'autraa  mdthoda*  d 1 autofocaliiation  aont  prspoadaa  dana  la  llttdratura  (10). 

-  La  vitaaaa  radiala  aat  utiliada  pour  oorrigar  lea  migrations  dvsntuallaa  dai  dahoa 
an  diatanoa.  La  vitaaaa  tangantialla  da  la  aibla  ddtertnine  la  rdpliqua  adaptda  au  signal, 
La  traitamant  da  oorrdlatlon  peut  slors  ktrs  affeotud  par  almpla  trsnsformaa  da  (ouriar  i 
localisation  fine  du  aignal  aulvla  d'una  analyse  apactrale. 

La  tamps  d ' lntdgration  paut  dtra  dana  una  prsmikra  dtape  adaptd  k  la  vitaaaa  lindaira 
du  portaur  corrigde  da  la  vitaaaa  tangantialla  da  la  aibla  at  k  la  rdaolution  oharahde 
puis  dtra  modifia  au  vua  da  1' image  an  fonotion  dea  mouvemanta  angulairta  de  la  olblB. 
Bn  affet,  la  rdaolution  aat  limitda  par  la  frdquanoa  da  variation!  dea  oaoillationa 
propria  de  la  cible  at  oatta  frdquanoa  fixe  le  tempi  d '  Intdgration  utila  maximum  (Annexe 
X  > .  Pour  amdliorer  la  rdaolution,  11  faudralt  adapter  le  traitamant  aux  variations 
das  mouvaments  d 'oscillation  du  navira. 

D'autra  part  laa  mouvemanta  angulairas  aont  variablaa  at  1' intarprdtation  da  i'imnge 
aara  favoriada  ai  la  traitamant  aat  effaatud  loriqu'ile  ont  uns  amplitude  important! . 
Pour  ca  ia  traitamant  aat  affaotud  aur  dee  adquanoaa  auooaiiivaa  du  aignal  racu  at 
pour  obtanir  das  Images  auffitamment  aapacdai  dam  la  tempi  Idclalremint  long  da  la 
cible),  l'antenns  eat  pointdr  aur  la  aibla  au  liau  d'avoir  une  direction  fixe  comma 
dana  le  mode  BAR  claiaiqua.  L' Image  oti  laa  superstructures  sont  le  plus  apparantaa 
out  ratenuo  pour  la  nlaesif ication  (image  1). 


a. 3.  Bynthtaa 

Le  mode  d ' utilisation  du  radar  ont  proche  de  1'tBAR.  L'antenne  oat.  polntde  sur  la  oibLa 
pour  diaposer  d'un  tempB  d 1  dclairemont  supdrieur  k  celut  fixd  par  1'ouvarturo  naturollo 
de  l'antenne,  Pour  bdndficier  du  mode  BAR,  l'antonnc  doit  ndanmoins  dtro  ddpoinhdu 
par  rapport  k  la  routs  avion  do  aorta  qua  la  ligne  de  visde  aolt  proche  da  la 
parpendieulaire  k  la  route  avion. 

Le  traitamant  adaptd  eat  ddrivd  du  traitamant  BAR  puisque  e'eat  ausai  une  corrdlatlon, 
1»  cnlcul  du  aignal  da  rdfdranca  ndcesslta  an  outre  uns  autofocalisatiun  du  signal 
ragu.  Lea  oontralntaa  da  traitamant  aont  p.rouhsa  du  mode  13AR  i  la  rdaolution  obtonue 
sur  l'imiga  et  la  tempi  da  traitamant  aont  lids  aux  mouvaments  propres  da  la  aibla, 
Kn  partlculior,  la  distance  radar-cibla  n'a  pas  d1 incidence  aur  le  tamps  d1  intdgration 
qui  aat  limltd  par  laa  variation!  da  roulii  ot(ou)  tangaga. 

Mnfin  pour  a'adapter  aux  variations  due  oeclllations  du  navtro,  pluuicura  imngca  aont 
obt.onuea  A  das  inotsnts  sucuasaifB  correspondnnt  4  diffdrantea  amplitudes  du  vactour 
inatantand  do  rotation.  Ainal,  il  oat  possible  de  sdleationner  1' imago  la  plus  adnptdo 
k  une  identification, 
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L'image  obtanua  eat  uni  piripsotive  dont  l'angli  de  projection  ddpand  de  l'importance 
dai  oicillationi  du  navira.  Bn  effat  le  premier  sxa  correspond  a  la  distance  radar 
at  la  situation  das  putnts  brillante  sur  la  dauxikma  axe,  qui  correspond  k  la  frdquence 
dopplar  dea  dchoa,  eat  fonction  da  laur  position  en  aiimut  at  da  laur  hauteur  puiaqua 
ces  deux  factours  contribuent  4  la  vitaaae  radiala  d'un  dcho, 
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Expreasion  de  la 


V  r  - 


Vg  t 
D 


vitaaae  radial*  d'un  doho  au  premier  ordre  t 


-  XL  + 

D 


WH 


avec  i 

Vr  i  vital**  radiili  du  diffuaaur 
h  i  hautiur  du  diffuaaur 

Y  i  poiition  an  asimut  du  diffuaaur 

V  i  vitan*  ralativ*  du  pcrtaur  par  rapport  A  la  oibla  (vitaaaa  rdalla  da  l'avion 

moina  vitaaaa  tangantiall#  d*  la  oibla) 

0  i  diatanoa  avion-oible 

u  i  vital**  angulaira  da  ll  oibla  projatd*  aur  la  rout*  avion 

La  poaition  da  l'dcho  aur  1*  deuxlAmo  axe  est  obtenua  par  un*  analyae  spectral*  at 
eat  dgalc  k  ia  frdquonoe  doppler  qui  ait  done  donnda,  aprAs  localisation  (auppraaaion 
du  terms  ddpandant  du  tempi),  par  i 

P  d  .  -  LX1  4  i-O 
ID  i 


avao  t 

Fd  i  frdquenca  doppler  du  diffuaeur 
X  i  longuaur  d'onde  du  signal  dmia 

L'imaqe  du  navi  re  paut  dtre  intarprdtde  comma  une  homothdtie  de  la  projection  orthogonal* 
du  navire  aur  un  plan  contenant  l'ax*  rndar-cible  at  perpendiculaire  au  vecteur 
inatantand  do  rotation  qui  a  una  compoaante  aur  l'axe  ddflni  par  la  rout*  avion/  W  , 
at  un*  compoaante  aur  l'axe  dau  hauteur*,  V/t>,  La  facteur  d'dcheile  Jdfiniaaant, 
1 'homothdtie  ait  la  norme  du  vecteur  inatantand  de  rotation,  Cette  roprdaentation  oat 
diffiollement  exploitable  puiaque  le  plan  de  projection  et  la  facteur  d'homothdtin 
ddpendant  du  tarme  u  ,  inoonnu, 

Lea  paramAtraa  de  vol  de  l'avion  et  la  vitaaae  tanqentialle  do  la  oibla  dtant  connue, 
le  turme  V/D  l'eat  dgalemant,  La  r«prdsentation  eat  alora  mortifide  pour  quo  In  position 
des  dchoi  aur  le  deuxiAitie  axe  soit  donnda  par  i 

Y  +  at)  avao  a  - 

La  reprdsentation  du  navire  eat  aiurs  une  projection  eur  uti  plan  horisontal  .  Cotte 
projection  n'eat  plui  orthoganale  et  l'angte  de  la  projection  o»t  ddfinit  par  lo 
ooaEficlent  a.  En  effot  a  raprdienta  I'angla  du  vecteur  aulvant  loquo.l  a'offoctuo  In 
projection  avec  lu  narmalo  au  plan  da  projection.  Le  plan  de  projection  dtant  connu 
et  paralHilc  k  In  surface  du  navire,  la  perspective  obtenue  donna  la  longueur  rdelle 
du  navire  at  son  orientation  par  rapport  &  la  ligno  de  vlsdo.  Melon  1' importance  du 
coefficient  a,  dont  la  connaiasance  est  lids  k  cells  des  oscillations  propraa  du  navire 
les  superstructures  paraissent  plus  ou  moina  dilatdaa,  Ella*  Is  aoront  ri'autant  plus 
quand  It  radar  aat  loin  du  navira. 

Si  la  aible  n'a  pas  da  vitease  angulaira  I'image  obtenua  est  una  simple  vue  de  dseaua 
(projection  orthogonale  i  a  *  0)  sur  laquslla  la  longueur  et  la  lsrgeur  du  navire  peuvent 
dtra  mesurdas.  Cea  indications  ns  parmettsnt  qu'une  classification  "grossiArs"  do  la 
cible. 

DAw  quo  la  navire  a  das  mouvoments  de  roulis  et(ou)  da  tangaqo,  lea  suporstruoturoo 
du  navira  apparaissent  (a  i>  0),  Quand  to  bateau  est  perpendiculaire  A  la  llgne  de  vlsAe 
I'image  eat  plus  difficilament  exploitable  car  les  superst ructuroe  sont  projetdes  aur 
l'exe  du  naviro  et  no  pouvent  done  pan  y  fltre  sltudoa, 

EnCin  quand  le  navire  a  dee  mouvement*  ot  que  sa  route  n'eat  pas  parallels  A  cello 
de  l'avion  (no  qui  est  vrei  dans  la  majoritd  des  oaa),  lo  perspective  Qbtenue  deviant 
exploitable  pour  la  alasaif ioatlon,  En  uffet  la  liqns  des  points  de  hauteur  nulla  donne 
Is  longueur  rdelle  du  nsviru.  D'autre  part  les  superstructures  sont  situdos  do  fagon 
axaate  sur  l'axe  de  navira  at  sent  proportionndes  entre  olios,  L'etta  signature  pout 
dtra  analysda  par  un  opdrataur  ,'iumaln. 

Pour  simplifier  1 1  interprdtation  de  la  signature,  1 'orientation  du  navire  dtant.  ddtermlnd 
par  le  In  traitement  d ' autofooalisat ion ,  Is  parspectlve  peut  dtre  rodressde  sens  pnrdre 
les  Informations  d*  longueur  et  do  position  dee  superstructures  (image  2).  Pi  les  super¬ 
structures  sont  particuliArement  dilatdes  (can  d'uno  distance  radar-cibl*  dlevde), 
un  faotaur  d'dcholla  peut  alors  dtre  appliqud  au  deuxlAmo  axe  do  l'lmago.  Cotta  contrac¬ 
tion  da  I'image  psrmet  d'amdlioror  la  rdanlution  ot  do  prdsnnter  une  ellhouetta  mieux 
proportionndc . 


AMELIORATION  DE  L1 IMAGE  ET  PERSPECTIVES 


Le  modo  opdrationnal  proposd  perraet  d'obtenit  une  adquence  d' images  oft  1 'angle  do  la 
perspective  prdsentde  dvolue  avec  la  viteaae  angulalrn  du  navlre.  Cette  Evolution  se 
traduit  par  dea  dilatations  et  des  contractions  des  superstructures  du  navire.  En 
suivant,  lour  hauteur  apparente  aur  la  auito  den  images  et  en  moddliaont  les  mouvementB 
d<  roulil  et  da  tangage,  las  variations  de  la  vltoasc  angulaire  instantande  do  cheque 
image  pauvent  Jtre  dvaludea.  Las  trtitemants  d'image  doivsnt  parmettrs  dans  un  premier 
tsmos  d'amdliorer  Is  finesse  dee  dchas.  lie  devraient  sues!  localises  lss  dohoe  de 
hauteur  nulla  qul  na  subissent  pas  de  modification  aur  la  sdquenee  d'images  puiaqu'ils 
no  lont  pai  aansiblsa  4  l'angle  de  projection.  Le  but  eet  d'obtenir  une  eilhouette 
compacte  du  navire  aur  laqualle  il  ne  reatera  plua  qu'k  dvaluor  un  facteur  d'dohelle 
pour  connoitre  la  hauteur  vraie  dea  auperatructurea ,  Ndanmoina,  mdme  ai  la  ailhouette 
obtenue  n'eat  pas  proportionnde ,  alia  fournit  una  atgnatura  identifiable  par  un  opdrateur 
ou  per  un  ayettme  automatiqua  da  reconnaiseanaa  de  tormee. 


REFERENCES 

1  -  M.  LUCAS,  "Synthetic  Aperture  Imaging  Airborne  Radar" 

IEEE  International  radar  Conference,  1985 

2  -  A.S.E.  ELLIS,  "The  proceaaing  of  Synthetic  Aperture  Radar  Bignnla" 

(1EC  Journal  of  Research,  Vol.  2,  N”  3,  1984 

3  -  J.J.  WALKER,  "Range  Doppler  Imaging  of  rotating  objects" 

IEEE  Trans,  AES,  January  1980 

4  -  C.C.  CHEN,  H.O.  ANDREWS,  "Target-Motion-Induced  Rndnr  tmaglnq" 

IEEE  Trans,  AES,  January  1980 

5  -  Y.W.  ClltN,  R.B.  BEKKOWITil  "tnverao  Synthetia  Aperture  Radar  Imaging  tochniquea 

for  See-aurfaco  targets" 

Proceedings  of  10AliSS'87  Symposium,  Ami  Arbor,  May  1987 

6  -  M.J.  PRICKETT,  "Principles  of  Inverse  Synthetic  Aparturo  1 1 BAR )  Imaging" 

IEEE  EAHCON ,  Arlington,  September  1980 

7  -  M.  SACK,  r  ,0.  CUMMINU  "Application  of  efticient  linoar  EM  matched  filtering  algo¬ 

rithms  to  Bynthetic  Aperture  Radar  procoseing" 

IEEE  Proceedings,  Vol.  132,  N”  1,  February  19R5 

b  -  W..1.  CAI’UTTl,  "Stretch  I  a  time  transformation  technique" 

IEEE  Trans.  AES  Vol,  7,  N"  2,  March  1971 

9  -  D.K.  WEHNKK  "High  Resolution  Radar" 

Arteah  House,  1987 

10  -  K.H.  Wu,  M.R.  Vant,  "A  BAR  focussing  technique  for  imaging  targets  with  random 

motion " 

NEACON,  p|)  289  -  293,  1984 


2N-7 


lam-l  > 

5  imagaa  obtenuaa  h  dan  inatanta  aucceaaifa 


-  aur  la  deuxiime  et  troiaiima  vua,  lea  mouvnmenta  angulairoa  na  aont  paa  auf f iaamment 
importanta  pour  fournir  una  image  cnractdriatlqua  du  navira.  Laura  variationa  rapidea 
parturbant  la  raprdaantatlon, 

-  Sur  lea  troia  aulraa  vuea,  lea  auperatructurca  aont  apparontea  et  parmettant  avoc 
l'informatlon  aur  la  longueur  du  navire  (meaurablo  aur  I'lmaga),  de  classifier  lo  navira. 


image  2a  i 

Imago  on  perspective  du  navire 

-  donna  la  longuour  et  l'orlan- 
tation  du  navira 


Imago  2b  t 

image  prdcdrtanta  redrenade 


-  permet  de  placer  lea  superstructure!! 
aur  ! 'ana  longitudinal  du  navira 

-  donne  ausai  la  longuour  rdnlle  dv  navira 

-  iu  comparaiaon  avuc  la  a i  Uiouotto  du 
navira  montre  que  lee  superstructures 
no  aont  paa  &  l'dchalla 
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TEMPS  D1 INTEGRATION  -  RESOLUTION 


y 


Va  i  vlteaae  avion 
Vb  i  vitaaae  do  navira 
n  I  angle  ontre  la  route  du  navire  ct 
S  i  ilti  (S  >  0) 

0  t  diatanoa  avian  /  aibla 
a  i  contra  da  gravitd  du  navira 
Ur  I  viteaaa  nnguLalre  da  roulia 
Wt  i  vitaaaa  angulaira  da  tangago 
ill  i  vitaaaa  angulaira  da  laaet  (  w  1  •.« 
Sait  un  point  M  du  navire  I  Si?  f 


la  ligne  dp  viaie 


0) 


X  i  poaition  du  point  aur  1 'axa  radar/cible 
V  I  poaition  an  aiimut 
II  i  hauteur  du  paint 


r,a  vitaaaa  radlala  du  point  M  par  rapport  &  I'avion  nat  la  eoiwa  do  }  tarmaa  i 

-  la  vitaaae  radialo  du  navira  i  Vb  coa  » 

-  la  vitaaaa  radialu  lnduita  par  1 'avanaament  rolatif  du  portaur  I 

-(Va  -  Vb  aln  n  Is  t  .  (Vc  -  Vb  ain  u)  y 
0  ~  D  _ 

-  la  vitaaaa  radialo  lnduita  par  l«  roulia  ot  le  tangaga 
(  II  r  aln  n  +  lit  Coa  n  I  H 

oil  lit  ain  i>  +  lit  ooa  n  oat  lu  uompooanto  du  vaotour  inatantania  do  rotation  aur  l'axe 
(0V)i  la  compoaante  aur  l'axe  (OX)  n'ayant  psa  il'incldenoo  aur  la  viteaee  radialo  du 
navira  par  rapport  A  l'avion. 

La  frequence  dopplor  du  point  M  aat  done  i 

td  -  *  f  -  -  vv  +  WH1  +  2  vc 

4  DO  J  * 

oti  ! 

V  «»  Va  -  Vb  n.in  •» 

W  -  Wt  ain  f»  +  Wr  aoa  »* 


Vr  •  Vb  gob  •» 


Aprks  cotraction  tin  terms  dependant  du  tempi 


[*#•] 


,  et.  du  termo  constant 


1  analyse*  spectral©  de  la  cabe  dlntancc  considdrde  donne  t 
2  VY  .  2  «>  „ 


La  resolution  »ur  fd  ait  dgsle  k  ~  oil  T  cast  la  temps  d  1  integration  si  U  ast  comtant 
pendant  r integration .  T 

Si  U  varia,  la  frdqucnog  dopplor  du  point  M  depend  du  tempi,  aoit  t 

fait)  -  -:-vy  ♦  i-iim  jb 


avac  U  it)  m  0 1  u>t  cos  (  “»  tfc^  *in  "  +  0r  t  co®  <  «i  rt)  cos  < 

oil  i 

$  t  i  angle  maximum  da  tangage 

o  r  i  angle  maximum  do  roulia 

u,  t  i  —  i  Tfc  i  period®  do  tangage 
Tt 

u;  r  i  — -  i  Tr  I  period©  do  roullB 


d 1  aA  fd  (t.)  -  -  £  »ln  n  Ht  t  i  co*  »  »r  ...  r j 

+  ill  [tl  -l-.1  t2  sin  4  1:2  cob  ..] 

La  resolution  aur  la  frequence  pour  un  temps  d 1  Integra t ton  T  oat  donndrj  par  le  maximum 
do  i 


i  ot  ill  , , 


t3  aln  ii  j__£r  .‘r3  l- 


I.H  rdacilution  OBt  optlmnla  et.  vaul:  i  tornqun  T  vdrlflo 


I  .  ill  m2  f  JliL-jd.ii'l 


"4  llr  ui  r3  uotl  "  j 


»1  Hm  i  d«Sai.ijn«  la  hauteur  maximalo  du  nnviro, 
le  tumps  d 1  Integration  optimal  eat  donnd  par  i 

“ “ - - - — -----T7T 

f  ft  3  It  4  f  f  ...  pi  COB  n  "yj 

La  rdaolution  sur  la  hauteur  obtenue  eat.  atom  A  H 
avac.'  -^-11  (IK  ».'  >  Hi  n  <i  I  P  *  ...  ..  cob  ,.  1  -  .\r 


avac  (#t  1,1  t.  sin  u  4  *  (  ...  r  cob  ••  )  -  ,ji 


boh  dii-  t“L~Tnr7r.' — L"' 

APPLICATION  NUMNIUQUH  { ■•  -  41”) 


TYPE  DE  NAVIRE 


PETIT  NAVIRE 
(longueur  *  50  m) 

Hauteur  maxlmale  ;  Mer  moyenne 

15m  T,  ■  5s  dr  «  10" 

Tt  ■  8 1  <n  -  5" 


GROS  NAVIRE  T,  .13i  ar  -  10° 
(longueur  a  100  m) 

Hauteur  maxlmale  :  Tt«Bi  «t  ■  5“ 
50  m 


ilm  I  a |  „•  (  '  Bln  •.  i  n r  ...  ' 


IEMP5  D’lNTEGHATION 
OPTIMAL 

RESOLUTION 
MAXINIAlt  SUR  LA 
HAUTEUR 

0,16  s 

0,3  ill 

0,20  s 

0,5  m 

0,24  s 

0,6  m 
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DISCUSSION 


(J.Bakcr 

What  arc  the  cross  ami  down  range  resolutions  of  your  measurements? 

Author's  Heply 

La  resolution  en  distance  radar  est  dc  3  m.  Stir  deuxieme  axe,  eile  cst  certaincment  melllieux,  cite  est 
lice  ft  la  vitesse  nngulaire  du  navlrc  qui  cst  Inconnuc  mais  ccrtaincmcnt  Important,  vuc  la  hauteur 
apparente  du  mat. 
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problems  in  ISAR  Processing  with  Rang*  Resolution 
by  stepped  Frequency  Burst* 


Card  Kramer,  Researoh  Satablishment  for  Applied  science,  FQAN  -  FHP 
Nauamhrar  Str.  20,  D  5307  wachtbarg-werthhoven,  Sermany 


Abstract 

If  a  target  image  ia  reconstructed  from  an  ISAR  maasuranant  by  immsdiata  ap- 

?Uoatlon  of  the  Discrete  rourier  Transform,  the  image  basomas  blurred  with 
ncressing  distance  from  its  center,  It  ia  shown  that  with  an  ISAR  sensor  ap¬ 
plying  stepped  frequency  bursts,  samples  of  the  2-dimansional  Fourier  Trans¬ 
form  of  a  2-dimsnsional  sostterer  density  arc  measured  and  how  a  target  imaga 
can  be  reoonetucted , 

ir 

1.  Introduction  / 

In  this  paper,  tha  generation  of  a  target  imaga  based  on  rotative  motion  of 
a  target  is  considerad.  If  the  target  ia  moving  on  a  known  trajectory,  it  ia 
aaaumad  that  ita  motion  relative  to  the  radar  can  ba  deoompoaed  into  a  radial 
motion  of  a  refaranaa  point  auperimpoaad  by  a  rotative  motion.  If  tha  target 
ia  moving  with  fixed  orientation  in  apace  on  a  straight  trajaotory,  tha  axia 
of  rotation  ia  orthogonal  to  the  plana  spanned  by  tha  positon  vaotora  of  in¬ 
itial  and  end  point  of  tha  target  trajaotory  aegmant  on  whioh  tha  procaaaing 
of  tha  ISAR  image  is  bsssd. 

It  is  assumtd  that  ths  radar  transmits  puias  busts  consisting  of  impulaaa 
with  raotangular  anvslopaa  of  width  T  whoss  oarrisr  fraquanoias  Increase  from 
impulaa  to  lmpulaa  by  a  constant  amount  f  .  The  m-th  transmitted  pulea  burst 
is  dssorlbsd  by 
Mr-i 

sm(t)  r.nt ft-kT^-rnTj  i  *  j( 2ir( fj+kf^  )t+ (1-1) 

whsrs 

,  o  if  |xl> 

rsot(x)  -  {  !  otharwiss  <1_J> 

denotes  ths  rsctangular  impulse  snvalopa  end  complex  notation  has  bean  used 
because  signal  procaaaing  in  I  and  Q  components  is  aaaumad  throughout  ths 
following.  Tha  time  interval  between  adjacent  impulaaa  within  ona  burat  is 
denoted  Tr,  tha  diatanca  of  impulaaa  with  equal  carrier  traguanclaa  in  adja¬ 
cent  bursts  ia  denoted  tb. 

Let  tha  signal  delay  due  to  tha  reflection  of  tha  radar  signal  by  a  scatte¬ 
ring  canter  at  tha  reference  point  ba  denoted  by  t0.  Neglecting  attenuation 
and  RCS,  tha  signal  received  from  that  scattering  oanter  would  bs  given  by 
Mt-1 

k*°  ..j(a«f,+kf4)t +»mt)8“jarnf,+ kf4)te  (1-3) 

Tha  raoaivsd  impulses  are  downoanvartsd  into  I  and  Q  oomponsnta  whioh  are  in¬ 
tegrated  over  ths  impulse  duration  time  T,  It  is  assumed  that  tha  integration 

?ata  extant  T  is  large  compared  to  ths  daisy  variation  dua  to  tha  diatanoe  of 
ha  individual  target  scattering  canters  so  that  all  contributions  are  integ¬ 
rated  with  negligible  loss. 


If  tha  amplituda  of  ths  integrator  output  resulting  from  tha  scattering  cen¬ 
ter  under  consideration  is  denoted  a0,  tha  csmpltx  valued  response  on  the  k- 
th  impulse  of  tha  m-th  burst  is  given  by 

•okm  *  a0#-J»»fe+MA>tc 

«  SoS-j^e^s-i**^  *  (1-i) 

Tha  oomplsx  numbers  obtained  from  ths  integrator  may  be  corrected  by  multi¬ 
plication  with  «J*B**a^s  to  provide  for  the  reference  on  the  scattering  cen¬ 
ter  with  daisy  ta. 
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It  ia  now  aseumad  that  a  mattering  contar  la  displaced  in  range  by  eome  di- 
atanoe  y  and  in  oroearanga  by  aona  valua  x  with  raapaot  to  tha  reference 
point  and  that  it  ia  rotating  with  angular  valooity  W.  Than  in  analogy  to  Eq, 
(1-4)  tha  complex  numbers  obtained  at  tha  integrator  output  nrn  given  by 

alkm  -  a1e"^2'<’t«  (tj  +  ^ycosuiJkTj+mTg)  +~xain*i(kTI  +mT8 ) )  _ 

, .-  jJfrf* < t ^yooaM kTt  +mT j )  +  £l!einio(kT,  +  nTj) )  •  k  (i-g) 

By  applying  tha  correction  with  a  jJhfjkt „  ^  f ollowe 

^  -  a1a“l2’rfott(+f  yooaw(kTT*»T#)  4^xainui(KTt+itiT^  j ) , 

.  (voo*»KKTj+inTk)  +  xeinu>(kTv+mTj)  )k  (1-#) 

To  allow  for  a  perfect  inaging  oC  tha  scattering  oantara  by  twofold  applioa- 
tion  of  tha  Diaarat*  Fourier  Tranaforn  an  the  uoropla:i  numbara  obtained,  re- 
atriotiona  have  to  be  appliad  to  target  aiea  und  rotation  apaad.  Let  NI  deno¬ 
te  tha  number  of  inpuiaaa  par  burst,  aaa  Eg.  (i-i),  and  MB  denote  tha  number 
of  burata  to  be  prooaaaad,  Thau  if 

^y  ( l-ooeui(  <  N I- 1 )  Tj+ <  Nil- 1 ) Ta ) ««. 
xeinuifNi-ijTjwKi 

(NI-l)fA«f0  (1-7 

JiHipilI*xalnw(  (NI-DTj+INB-.MTbX*  l 
it  followa  from  Eg,  (l-«),  approximating  tha  aina  by  a  linear  function, 

gikm«ra1a*jMr«.t,+  lf,y),s-i2>ry'Kwg'5.|n  ,-jair^y.k  <  1-8 ) 

from  whiah  x  and  y  can  bo  imaged  by  taking  the  Diaorata  Fourier  Transform 
with  raapaot  to  k  and  with  raapaot  to  m .  If  the  raatriationr  in  Eq.  (1-7)  are 
not  fulfilled,  however,  combination  ana  k2  terms  appear  which  result  in  a 
blurring  of  tha  image  increasing  with  the  targat  dimensions  in  range  and 
oroaaranga  /!/.  J.n  tha  following,  possibilities  to  avoid  image  blurring  will 
ba  invastigatsd. 


2,  Oaneration  of  the  redar  aoho 

It  ia  ussumad  that  tha  diatribution  of  the  scattari:  j  oantara  which  Hhell  ba 
imagad  aan  ba  daacrlbad  by  a  2-dimonit.lonal  aoattornr  density  function 
a(x,y).  This  can  be  thought  of  as  bain?  «  projection  of  the  target  scattering 
osntere  into  a  plana  orthogonal  to  the  axle  of  rotation...  in  tha  oaaa  or  iso¬ 
lated  eoattering  oantara,  »(x,y)  aonteine  Dirac  pulses.  It  ia  furthsr  assumed 
that  throughout  the  whole  data  collection  tima  for  ono  IRAK  image  the  same 
eoattering  centers  contribute  to  the  gonuration  ot  the  echo  eignaie. 


Fig.  1  Unit  vector  in  wave  propagation  direction  in  targat  coordinate  system 

It  is  further  assumed  that  within  the  target  dimeneions  the  radur  nignalB  can 
ba  deaorlbsd  by  plane  waves.  Tha  coordinate  ayetem  x,y  in  which  thn  soat'.arar 
density  ia  dtsoribed  ia  aaaumtd  to  be  orthogonally  oriented  with  i.'mspect  to 
tha  axis  of  targat  rotation,  ita  origin  la  taken  ai  the  reference  point.  Let 
3?  in  Fig.  1  denote  the  unit  vector  in  wevt  propagation  direct  ion  in  the  tar¬ 
get  coordinate  ayetem  x,y  pertaining  to  tha  k-th  impulae  of  tha  »-th  burst 
and  let  tD  denote  tha  signal  daisy  corresponding  to  the  reference  point, 


With 


(2-1) 


?w  -  (ooB^^ln^m) 

It  follows  tor  the  component  of  thu  integrator  output  eignal  for  the  k-th 
inpulaa  of  the  m-th  burst  resulting  from  the  element  a(x,y]>dxdy  in  analogy 
to  Eq.  (i-4),  negleoting  an  amplitude  ractor  common  tor  all  received  impul- 

aee, 

dgkB  «  ■  (k,y)dxdye*Janr<*#+ltf*)  <fcs+ ) 

■  e“J2tf(f(+kf^  )t«g(X)y),-j2Jt(  ^(^‘K^dxdy  (2-2) 


with 

* 


<x,y) 


end  (kix^)  indicating  the  dot  product 
(K.i?w)  -  xoo»f„w  +  yeinfitn 


(2-3) 


To  oeloulete  the  total  output  signal,  Eq.  (2-2)  hae  to  be  integrated  over  tha 
scattering  density,  thus 

gjjn,  a  .-)W(  fo+kf^ta 

Jfnx.y^-Wl  *«  +^fd  "no,fkm*y»in,,km)dkdy  ( 2-4 ) 
Introducing  tha  2-dimanalonal  Fourier  Transform  of  s(x,y) 


a(u,v)  «  ^a(x,y)e*j2>T(ux+vy)<J),dl)  (2-B) 

it  oan  be  seen  that  gkB  of  Eq,  (2-4)  equals 

9km  ■  e-J'W(*«+W4)t«8(|(f<+kf4)0OBfHl,,|.(fe+kfA)einfkl,)  (2-ft) 


Thus,  exaept  for  the  factor  e- j2rn  f,+kf4 )t»,  which  ie  held  constant  by  track¬ 
ing  tha  rafarenaa  point,  by  tha  IBM  sensor  samples  of  the  2 -dimensional  Fou¬ 
rier  Transform  of  the  aaattarar  density  are  measured ,  During  tha  transmission 
of  tha  NB  burets  consisting  of  Ni  inpulsss  each  ths  tercet  oriantation  chan¬ 
ges  by  eons  angle  if  ths  x-axis  of  the  target  coordinate  system  is  arbi¬ 
trarily  placed  in  tha  biaeotor  of  the  angle  A?, the  samples  in  the  2-dimansio- 
nal  frequency  plans  u,v  are  loaated  in  a  eeator  symmetrical  to  the  u-sxis  as 
shown  in  Fig.  2. 

Since  the  samples  sra  located  in  a  bounded  area  of  the  u,v-plane  which  does 
not  include  the  origin,  they  oan  be  regarded  as  a  description  of  a  2-dlmen- 
■ional  bandpass  signal. 


Fig.  2  booation  of  aampla  points  in  u,v-plana 

Consider  a  2-dimshsional  transfer  function  rastrictlng  the  input  an  a  raotan- 
gular  area  of  width  Au  end  Av,  reepectively,  centered  at  (uO(0), 

H(u,v)  -  reot(!£iii)reat(^. )  (2-7) 

with  reot(x)  eacordlng  to  Eq,  (1-2),  The  aorreeponding  2-dimeneionel  impulee 
response  ie  given  by 


(J-B) 


19-4 


with 


h(x,y)  -dudv»i(jsiux)e*'l2mi#*eicffdvy) 


sl(x) 


sim 

1  V 


if  X  •  0 

elsewhere 


(2-9) 


Restricting  the  Fourier  Transform  3(u,v)  of  the  scatteror  density  e(x,y)  on 
the  rectangle  by  multiplication  with  H(u,v)  from  Eq.(2-7)  oorraspords  to  the 
2-di»enslonel  convolution  of  s(x,y)  with  h(x,y)  from  Eq.  (2-8),  denoted 

g(x,y)  -  *(x,y)th(x,y)  (2-10) 

Thus,  if  two  dietlnot  scattering  centers  exist  according  to 

•  j(x,y)  ■  <f(x)«f(y)+J(x-xB)<f(y-y0)  (2‘U) 

it  follows  with  Eq.  (2-1 

gi(x,y)  “  h(x,y)  +  h(x-x0,  y-y0)  (2-12) 

Blnoa  es  a  first  approximation  h(x,y)  from  Eq.  (2-1)  is  raetrioted  on  tna  in¬ 
terval  lxl«i/(24u), jy(<l/(2dv),  the  two  scattering  centers  oan  be  distlngula- 
hsd  if 


|x6|<ior  |y0|<£ 


rig.  3  Reconstructed  scatterar  density 
The  equivalent  2-dimensional  low  pass  signal  of 
0(u,v)  -  S(u,v)H(u,v) 

with  H(u,v)  from  Eq.  (2-7)  is  given  by  shifting  the  Fourier  Transform  to  the 
origin  rssulting  in 

0L(u,v)  «  B ( u+uB ( v ) rect ) reat (jfo )  (2-14) 

end  therefore 

g  (x,y)  -  (s(x,y)e"()2irvi,X)8(4UiVgi^dux)si(n'dvy)  (2-15) 

L 


It  is  intended  to  reconstruct  the  sastterer  density  of  e  target  from  the 
equivalent  2-dimensional  equivalent  low  pass  signal  psrtaining  to  the  seotion 
of  the  2-dimensional  Fourier  Transform  as  measured  by  the  IBhH  sensor.  To 

Perform  the  reconstruction  by  application  of  ths  Discrete  Fourier  Transform, 
he  sampled  function  in  the  sector  of  the  u,v-plene  according  to  Fig.  2  has 
to  be  resampled  in  a  rectangular  lattice  /i/,  Possibilities  for  the  resam¬ 
pling  are  currently  under  investigation  in  the  FHP. 

To  distinguish  two  scattering  centers  according  to  the  definition  underlying 
Eq.  (2-13)  and  Fig. 2,  aa  wall  as  the  definition  of  u  and  v  according  to  Eq. 
(2-6) ,  they  have  to  be  separated  by 

i*ol>£Cr-  TNT=ryj^ 

In  n*nj«  »r 


(2-16) 


(2-17 


2y*5 


|yDl>^  +~r 

in  oroaaranga,  It  followa  thus  from  Eq. 
ohanga 


(2-17)  for  tha  naoasaary  angular 


ip 
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Nummary 

A  method  for  ■  fat  two-dimensional  Invorie  lyntlielle  aperture  radar  (IRAK)  Imaging  process  In  preiented.  A  coherent 
then  puli*  rider  le  uied  to  lamplc  impllludo  and  phase  ortho  hackicattered  field  from  a  continuously  rotating  object. 
Thli  la  being  done  while  a  narrow  range  gale  It  iwceplng  In  range  itepa  of  I 3  cm  across  the  target  plane  nt  a  typical  meed 
or  1 30  m/i.  Applying  fat  aynlhetle  aporture  radar  (SAR)  principle*,  In  an  olT-llne  p rocei*  for  eaeh  range  cell  nn  eoceplable 
good  cross  range  reiolutlon  oen  bo  obtained  when  processing  angle  lntervr.ll  of  leu  than  30",  The  Influence  of  analytical 
approximation*  at  wolf  ai  die  eflbot  of  moving  icatlerlng  center*  through  iover*l  range  reiolutlon  eelli  during  the  procesi 
Interval  can  oauie  levere  Image  dogredatium,  Two  methodi  Tor  partial  and  complete  eompcnieUon  of  lliote  effects  under 
the  aipect  or  minimum  Inn  In  proconlng  ipoed  have  boon  developed  and  will  ho  proionlcd  here. 

t* 


1.  INTRODUCTION 

Dy  processing  radar  echoo*  from  geometrical  complex  ahaped  ohjecli  It  li  poulhlo  to  roconsUuct  the  spnllal  dlatrlbudon 
of  the  aealterlng  center!  In  form  of  twn-dlmenilonal  Imagei.  The  field  of  rednr  echnei  can  bo  tlnicrlhod  na  a  linear 
auparpoalllon  of  high  frequency  algneli  mainly  baokseallcrcd  from  Independent  spot  roll octn r ■ .  The  exact  determination 
of  (he  two-dlmenelonal  radar  ilgnature  la  the  heat  prerequisite  for  Identlllentlnn  of  unknown  object*  pnxalng  the  radar 
beam,  However,  theie  Inlenalon*  can  bo  affected  hy  process  Inherent  orrorr,  which  enn  result  In  Imugo  amcnrlng  elfcots 
and  In  ayilemadcally  decreasing  RCIS  values 

Two-dimensional  radar  Imaging  Indopendcndy  requires  the  reiolutlon  In  rimgo,  the-  ruder  line  of  sight,  and  In  croai-rimgo, 
the  azlmulh  dlreodon,  Range  reiolutlon  ll  obtained  from  the  tlmo-dolay  Information  of  the  radar  echoes,  That  can  he 
achlaved  althar  by  using  wldahand  muldfrequoncy  algneli  when  time-delay  sorting  Is  readied  via  FFT  algorithms  or  by 
uilng  a  gated  ahort  pulse  radar,  In  which  case  the  range  resolution  la  determined  hy  the  echo  pulse  duration.  In  ordar  to 
obtain  tha  cross-range  resolution,  a  relative  motion  between  radnr  sensor  end  target  Is  nccoasary,  Coherent  data  sampling 
of  amplitude  end  phese  of  the  received  signals  Is  nccesaery  for  high  resolution  Imaging,  For  this,  amplitude  and  phase 
value*  either  obtained  In  the  frequency  domain  hy  varying  the  signal  frequency  or  In  the  tlmn  domain  by  n  ansinlldng  short 
pulses  at  a  constant  frequency  have  to  bo  recorded  as  a  function  of  aspect  angle.  With  the  aid  of  lire  synthetic  nporlur 
radar  (SAR)  principle  a  synthetic  ponell-llke  antenna  beam  can  he  generated  lit  nn  off-line  process  evaluating  the  recorded 
coherent  data  samples  The  eroes-range  resolution,  given  by  the  width  of  the  aynlhetle  nporlur  antenna  beam,  Is  deter¬ 
mined  by  tha  aperture  length  which  le  equivalent  to  Iho  processed  angle  Interval.  That  provides  a  two  dimensional  Image 
or  the  projection  of  the  spatial  distribution  of  Iho  scattering  centers  onto  n  plane  normal  to  the  rotation  axis,  A  detailed 
survey  about  SAR  or  ISAR  (inverse  synthetic  aporture  radar)  methods  Is  given  In  tl]  -  [4]  - 

Fast  imaging  tochnlques  are  needed  for  lime  and  cost  elfcctlva  Investigations  or  the  hnckscnller  behaviour  of  scaled  models 
or  original  targets  In  (lie  roal  world  Identification  problems,  On  the  other  hand,  nlrhorne  Intelligence  and  rcconnnlsstmco 
also  require  fat  Imeglng  techniques  In  each  ease,  the  gnarnnteo  for  a  simple  and  tollable  Image  Interpretation  requires, 
Hint  degrading  elfeeti  on  Image  quality  rosultlng  from  the  Image  process  liselT  have  to  ho  known  and  In  bo  removed  us 
far  us  possible. 

The  experiment*  described  In  this  paper  have  been  conducted  with  a  short-pulse  Doppler  radar.  'fills  ha*  the  advantage 
of  rang*  resolution  In  real  lime  hy  sweeping  the  delay  time  for  the  receiver  gate  continuously  or  stepwise,  as  It  was  done 
here  at  a  considerable  velocity,  In  nn  off-line  process  fast  SAR  principles  wore  applied  to  gcnorulc  rndur  Images  for 
small-angle  looks  wllh  processed  angle  Interval*  of  less  tlmn  30",  Scaled  target*  or  small  size  are  usually  mounted  on 
styrofoam-columns  standing  on  ground-based  turntable*  and  thoy  are  homogeneously  Illuminated  hy  Iho  stationary  ruder 
so  that  the  gonerated  relative  motion  between  thu  radar  aensor  and  target  Is  a  cirelular  one,  llecause  of  Iho  equivalence 
to  the  relative  motion  generated  by  n  moving  radar  and  e  stationary  target  ns  it  Is  the  usual  situation  that  we  find  In  SAR 
technique  all  exptrlotiee*  made  In  ISAR  Imaging  can  he  iranathred  to  SAR  Imaging  and  vice  versa,  Tills  also  hold*  true 
[hr  the  cam  of  a  ground  stationed  rndar  end  a  moving  uhjeot  with  a  transverse  velocity  component  as  ll  Is  given  In  the 
cates  or  observing  end  following  a  passing  aircraft  with  the  radar  beam  nr  eventually  observing  even  a  straight  line  Dying 
aircraft  Intorieollng  a  fixed  radar  hcam  [5]  , 

The  moil  signinonnt  Imago  degrading  cflheli  resulting  from  the  usual  ISAR  process^  of  coherent  row  data  In  the  time 
domain  ara  discussed,  Them  effect*  mostly  depend  on  iho  motion  of  scattering  corner*  through  resolution  cells,  especially, 
If  the  coherent  Integration  lima  Is  longer  Ilian  the  transit  tlmo  of  a  scattering  conler  through  one  range  cell,  In  those  oases 
tlit  elfatlv*  synthetic  aperture  Is  shortened  and  signal  contributions  of  a  single  scattering  eenter  will  appear  In  nolgh- 
buurlng  range  cell*  so  that  the  calculated  KCS  I*  decreased  and  the  Imaged  scattering  center  Is  smeared  nut  over  several 
reiolutlon  cells.  A  similar  effect  In  cross  direction  cen  ho  observed  resulting  from  certain  approximations  relevant  Ibr  the 
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fast  Imaging  process.  Two  molhod*  for  partially  and  complete  compensation  for  Ihoso  Imago  degrading  effect*  *ro  briefly 
presented.  Both  methods  have  boon  developed  tinder  the  aspect  of  fast  Imago  processing. 


2.  EXPF.IUMRNTAI.SF.rUP 

The  lyitem  died  here  wai  a  gated  coherent  short  pulse  radar,  which  covers  the  frequency  range  hetweett  8  and  18  Cilia. 
The  receiver  gate  width  as  well  ns  the  transmitter  pulsa  length  could  be  adjusted  from  1  p*  down  to  0.8  ns.  This  aparatue 
Is  used  For  ground-based  high  resolution  KCS-mensuromenls  of  academical  nhjeeut,  scaled  models  nr  original  Urgati. 

In  order  lo  obtain  high  resolution  In  range,  a  conslan1  receiver  gall  wtdlh  and  transmitter  pulse  leitg'h  of  about  1  ns  Is 
used.  In  most  practical  eases  this  adlmunenl  Is  sufficient  for  Imaging  largeta  with  maximum  object  dimension  down  lo 
about  1  m.  For  a  two-dimensional  image  generation  of  the  spatial  largel  reflectivity  distribution  al  a  fixed  frequency  tho 
delay  time  of  the  receiver  gate  lx  repetitively  swept  In  Heps  of  1  ne,  corresponding  to  a  depth  of  Ay  ■  1 3  cm  for  each  range 
cell,  whereby  the  sweeping  time  hero  was  flxod  to  40  ms.  40  rango  steps  wore  used  during  each  sweep  which  Is  equivalent 
to  an  Image  depth  of  6  m,  This  adiustmon!  required  an  amplitude  and  phase  snmpllng  iff  the  backscalterod  algnal  at  evary 
millisecond. 

Moat  of  the  RCS-meaiuremew*  which  are  porfbrmod  at  outdoor-ranges  suffer  from  ground  reflexions,  This  affect  can 
be  auppraxtad  by  Installing  radar  ftnees  al  proper  positions  Inside  the  measurement  range  [0]  ,  Figure  1  shows  a  typical 
measurement  range  for  smaller  scaled  targets  as  ll  was  uiod  for  this  work,  The  targets  had  bttn  mounted  on  a  contin¬ 
uously  rotating  styrofoam  column  and  were  homogeneously  Illuminated  by  the  ground-based  stationary  radar.  The  range 
•weeps  were  triggered  by  the  angular  docodor  every  0.1"  al  a  fixed  rotational  speed  of  I’/iee.  The  effective  speed  of  the 
moving  range  gale  was  ohosen  to  I  JO  m/eec,  only  limited  by  tho  maximum  nvallnhle  video  bendwldth  of  3  kH*. 


3.  FAST  IRAR-PROCI  SSINC! 

To  obtain  eroil-range  resolution  typical  RAR  principles  will  be  used.  This  Is  possible,  because  only  n  relative  motion 
between  radar  sensor  and  target  Is  required,  so  that  the  SAR  principles  also  hold  In  Ihe  Inverse  ease  ora  stationary  radar 
and  a  moving  ob|ect.  Due  to  the  rotational  largel  motion,  for  each  range  cell  n  synthetic  aperture  can  be  generated  on 
part  of  a  circle  around  the  largot,  ns  depleted  In  Figure  2,  with  an  equidistant  spacing  of  the  aporturo  olomonti  or  C3.1*, 
corresponding  to  the  data  sampling  irlggorod  by  tho  angular  decoder.  The  maximum  cross-range  dimension  13  In  objeel 
space  that  can  be  Imaged  without  any  allaelng  artifacts  Is  determined  by  Litis  angular  Increment  40  via  the  relation 

(1)  l0r'~2D 

where  4  denotes  the  signal  wavelength. 

The  lyploal  SAR  or  ISAR  principle  Is  to  focus  and  to  steer  In  each  rmige  cell  a  narrow  synthulic  antenna  beam  across 
tha  largot  plane  via  compensation  of  signal  phase  differences  resulting  from  dlfferonl  signal  palhlengths  between  a  large’, 
point  to  each  apertura  element.  This  can  be  realised  stepwise  for  every  resolution  cell  nt  a  constant  rango  by  a  coherent 
superposition  of  the  received  complex  signals  sampled  ovary  (1,1",  nfler  preceding  phase  corrections  demanded  by  Ilia 
focusing  proceis  have  boon  applied. 

In  a  rectangular  coordinate  system  -  whoro  y  denotes  the  rango  coordinate  -  the  phase  »f  a  bBckscnttorcd  signal  IVom  a 
point  located  at  (xj.y,)  In  the  object  space  and  measured  relative  lo  the  transmlitod  signal  la  given  by 

i  i 

(*)  v{*’k<  y't)  m~x  +  JO1!  cos  fl,  -  a*  sin  fl„)  +  -jjj-  ]  , 

where  *'*  and  y’,  are  tho  coordinates  In  an  object  fixed  coordinate  eyslcm  defined  by  the  coordinate  transformation 

1 3j  y'my  eo*  o,  -  *  <in  n„ 

i1  «y  sin  fl„  +y  cos  ()„ 

for  clockwise  rotating  the  target  by  an  angle  of  fl  m  (7,  n-.  n  4fl  (n  ■  Integer)  [7]  j  /lu  denotes  tho  distance  Rom  the  radar 
sensor  to  tins  center  or  rotation  and  r«  *■  +  js,*  Is  the  radial  distance  between  a  point  (xt,  >,)  on  tho  object  and  the 

rotation  axis.  A  so-oallod  direct  mothod  will  focus  and  steer  the  synthetic  beam  according  lo  Ihe  relation 
AM 

«)  4W)  -jf  Tj  We-  «p  c  ~M*\,  y,» . 

e-0 

where  A(*i,>i)  Is  the  reeonstruel.ed  avorago  signal  strength  haekscaltcrcd  Rom  a  target  point  located  at  (x„y,)\  N  glvas 
the  number  of  data  samples  which  Is  equivalent  to  the  process  angle  AS 

(5)  M-N60 

and  V(0„y,)  denotes  tho  rocolvod  complex  signal  In  tho  I  lls  range  at  tho  nnglo  fl,. 

In  order  to  limit  tlie  computational  burden,  however,  the  numbtr  of  multlplleadons  ,  required  Tor  forming  and  steering 
a  synthetic  antennn  beam,  een  He  significantly  reduced.  If  Rjfcr,,  and  furthermore  If  Ihe  procen  angle  can  be  conllned  lo 
values  AO  <  30'  ,  so  that  tha  approxlmadoni  sin  0,  w  (7,  and  coefl,  w  I  can  ho  applied,  With  Uicio  approxtmadoni 
Bqi  (2)  and  (4)  yield 
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(ft)  /<(-t»J>()»  oxpf  +j -y-  (/!(!  +  >, +  -^)]  ]T  H0h, h)  cxpt  -J2n  -y-  *(]  , 

where  all  angle  Invariant  phase  lorms  arc  written  olJtoidc  llic  smnnintlcm  nml  will  he  ncylcclcd  subsequently  because  they 
carry  no  angular  information  so  that  p.q.(fi)  reduces  to 

(i)  -jy  Yj  Wvfii  “pt -  l>  "t1  , 

«*»0 

which  has  the  form  of  a  digital  Pourler-ifanaform  [7]  ,  Tborefbro,  the  aross-rnnge  resolution  In  each  range  cell  can  be 
obtained  by  using  Fast  Fourier  Transform  (PrT)  algorithms.  Fast  data  sampling  In  combination  with  (lilt  software 
algorithm!  Pulfll  the  condition!  for  a  ipocdy  two-dimensional  Image  generation.  It  li  a  further  advantage  of  thli  method 
that  the  knowledge  of  an  exact  position  of  the  rotational  center  In  roipeot  to  the  range  coordinate  li  not  required,  becauit 
the  phaie  correction!  In  Eq.(7)  do  not  Include  the  range  coordinate  yv  The  mothod  described  in  thle  paper  oen  be  ueed 
for  groundtruth  ISA R  Imaging  and.  In  principle,  for  Imaging  of  moving  target!,  which  alio  have  a  traniverit  velocity 
component,  or  for  Imaging  of  ground-baicd  tnrgeu  obiorvcd  from  an  lalrerafl. 

However,  the  proem  of  a  etepwlec  rango  gale  iwocp  across  the  target  Under  ten  na  well  aa  the  applied  approximation! 
when  deriving  die  Image  algorithm  can  yield  significant  focusing  error!,  which  cimao  on  Increailng  blurring  of  die  picture 
In  lie  peripheral  area  In  case  that  ob|act  dimension*  and  process  angle  aro  largo  flecauso  large  process  angler  are  required 
for  a  lino  crosa-rango  resolution  which  Is  determined  by  the  cross. rango  cell  slxc  Ax  vln  the  relation 

<")  ^‘IaF  1 

a  high  resolution  of  icatterlng  conlors  nnd  an  exact  determination  of  RC.'S-vnluc*  will  ho  limited,  If  no  forlhor  error  cor¬ 
recting  measures  are  being  taken. 


4.  IMAGE  UPGRADING  F.FFKCFS 

The  typical  degrading  elTeele  are  demonstrated  Ibr  a  ease  where  the  field  of  20  Independently  scattering  point  reflectors 
of  equal  cross-section  with  a  mutual  distance  of  about  1  m  Had  boon  ilimila led,  A  subsequent  analysis  with  die  algorithm 
of  Rq,(7)  created  the  Image  displayed  In  figure  3.  Hie  receiver  gflte  longlli  and  the  transmitter  pulse  Icngdi  are  both 
assumed  to  be  1  ns,  and  dio  other  parameters  are  Ay  -  15  cm  (depth  of  a  range  cell),  2  -  3  cm.  AO  ■*  S. 5"  and  /!„  - 
600  m, 

Thera  are  two  dominant  effects,  which  cause  diose  degradations  The  degradations  In  range  dlrocdon  mainly  result  Oom 
the  approximation  cos  Oml.  fills  approximation  can  safoly  bo  used  for  process  angles  uf  lois  then  about  5",  If  we 
reformulate  the  approxlmadons  used  for  deriving  flq.(ft)  by  Inking  Into  account  higher  orders  wo  arrive  at: 

(9)  -^-j>,(l  -  cos  A9/2)  •«  rr  . 

If  wo  use  this  loll  hand  side  of  l!q,(9)  to  calculate  the  phase  error  arising  IVom  l.!q,(7)  for  a  polnl  rcitltoror  located  at 
(x-0,y«Gm),  wo  obtain  a  deviation  IVom  the  Ideal  value  of  about  165",  which  means,  that  the  phaie  corrections  per¬ 
formed  on  signals  at  the  edge  of  the  nporlur  Is  Insufficient  nnd  will  result  In  n  nearly  antiphase  condition  compared  to  die 
phase-corrected  signal  (Vent  the  aperture  center 

The  eecond  dominant  olTect  on  Image  quality  Is  the  migration  of  a  scattering  center  through  moro  than  one  range  cell 
during  the  protesting  time,  That  so-called  range  wolk  reduces  the  effective  uperluro  width  and  hence  Lho  resolution  quality, 
especially  for  scattering  centers  at  larger  cross  distances,  for  the  range  celt  Including  the  rotational  center  figure  4  shows 
an  experimental  result  of  the  sampled  signal  amplitude  shape  originating  IVom  a  point  scatlorer  moving  on  a  circle  of  the 
radius  r  •  I  m  during  die  angular  Interval  oT  Afl  »  51.2".  Tho  receiver  gale  width  and  the  'ransmltter  pulse  length  again 
wore  both  I  ns,  A*  a  Aril  result,  wc  observe  the  expected  triangle  amplitude  shape,  as  a  consequence  IVom  the  eonvolutlon 
of  the  recelvar  gate  with  the  received  cello  pulse,  which  means,  that  tho  sampled  echo  amplitude  In  each  range  cell  strongly 
depends  on  the  location  of  a  scattering  center  In  lho  Image  plane.  As  a  lecond  result,  one  can  see  that  If  tho  process 
Interval  Is  considerable  larger  Hum  the  transit  lime  of  scattering  center  Ihrough  a  resolution  cell,  the  scattering  centers  are 
only  detectable  across  a  limited  angular  Interval  which  is  smaller  than  the  process  Interval.  Hence,  tho  effective  width  or 
the  synthetic  aperture  Is  limited  and  the  cross  range  resolution  becomes  Independent  ft-om  the  slxa  of  the  angular  process 
Interval.  In  figure  4  die  measured  width  of  lho  foot  print  IVom  the  sampled  point  redactor  echo  given  by  die  product 
r  ■  0,  (0,  «a(fecdve  aperture  longtlt)  extends  about  40  otn  which  Is  equivalent  to  2.0  ns,  whcieai  a  width  of  y,„,  «  30  ent 
would  he  expected  corresponding  to  the  convolution  of  two  rectangular  functions  each  of  1  ns.  The  reason  for  this  dt-vl 
atlon  Is,  that  the  receiver  gate  and  the  transmiller  pulse  do  not  exhibit  any  longor  a  well  defined  roctangular  but  a  more 
geusslen  pulse  shape  If  these  low  gale  end  pulse  lengths  aro  reached.  In  order  lo  avoid  amblguoue  definitions  the  measured 
convolution  result  shown  In  figure  4  Is  taken  to  define  the  rango  (lltor  fonctlon  (range  gale)  used  for  all  olher  Image 
results  presented  In  the  following  chapters. 

Several  intermediate  steps  of  the  amplitude  change  depending  on  the  sealtcreri  Inlernl  position  are  displayed  In 
Figure  5,  For  cross-range  locations  x  >  x„„„  where  x„„  Is  defined  by 

(1°)  • 


the  effective  aperture  will  be  shortened,  At  the  lamt  lime,  the  maximum  signal  contribution  or  a  point  rodoctor  will  also 
appear  In  neighbouring  range  cells,  as  depleted  In  Figure  6,  So,  the  range  walk  elToet  causes  a  decroase  of  the  recon¬ 
structed  average  signal  amplitude,  a  decroase  In  range  resolution  amt  necoiding  to  Fq  (R)  Tor  x  >  x„„  a  decrease  In 
cross-range  resolution,  Dofocuslng  cfTbctx  the  signal  O'upllludes  as  Is  shown  In  Figure  7,  where  Tor  the  same  parameters 
as  In  Figure  3  the  envelope  of  the  amplitude  maxima  of  all  reconstructed  unit  point  redeem,  a  at  any  position  In  thi  Image 
plane  Is  calculated  Tor  two  rclcvnnt  cases  of  object  sire.  It  Is  emphasized,  ihm  these  calculations  only  hold  Tor  point-llke 
seatterars  with  a  maximum  cress  dimension  or  loss  than  Ax,  For  cross  dimensions  grenlor  than  Ax  a  special  treatment  li 
necessary  dua  to  the  extended  baeksoatter  pattern  (7] , 

It  la  a  ganerat  teohnlquo  In  SAR  and  1SAR  Imaging  to  weight  the  aperture  signals  V(9„ y)  before  data  processing, 
■eoordlng  to  Bq,(7),  with  a  window  function,  In  ordar  to  reduce  the  aide  lobe  levelx  of  Imaged  soldering  centers  [8] ,  The 
use  sf  windows  ean  remarkably  roduee  degrading  effect*  because  especially  at  the  edgos  or  the  synthetic  aperture,  where 
111*  roouslng  errors  are  largest,  the  signals  V(t?„  yi()  will  be  mostly  damped  and  therefore  the  Induenee  of  phase  correction 
•rroti  will  be  reduced  too  [7] ,  The  result  is  lllustreted  In  Figure  R,  Out  novertholoss,  there  still  axis!  ligiilllcanl  Image 
degradations,  espaelally,  If  maximum  target  cross  dimension  Is  greater  then  1  x„„,, 

The  dominant  Imege  degrading  effects  caused  by  an  Ineorraot  focused  aperture  are  typical  whan  processing  time  domain 
raw  data  In  ISAR/3AR  techniques,  and  they  are  also  present  In  processing  frequency  domain  data.  In  order  to  obtain 
reliable  results  either  for  an  exeat  Interpretation  of  the  two-dimensional  radar  Images  under  the  aspect  of  camouflage  work 
or  fbr  the  Identification  of  typical  target  signatures  under  the  aspect  of  target  classification  and  target  Identification  the 
dominant  degrading  effects  have  to  be  known  and  compensated  for, 


J,  COUNTF.f  MEASURES 

In  thla  paptr  two  laohnlques  for  'Imlllng  or  even  compensating  Image  dcgrmlailonal  effort*  are  briefly  presented,  These 
techniques  have  been  developed  under  the  uspcct  of  a  Test  Image  processing,  doth  techniques  require  the  knowledge  of 
the  range  gate  number  Including  the  rotational  conter  and  the  knowledge  of  typical  signal  shape  fot  a  point  icatterer  ai 
a  comoquenoe  or  the  range  walk,  which  gives  the  spatial  filter  form  of  the  range  gate,  as  shown  In  Figure  4,  As  an 
example  somo  results  have  been  calculated  -Tils  the  parameters  displayed  In  Figure  3. 

AMPLITUDE  CORRECTIONS 

The  first  praaantsd  method  Is  an  amplldude-eorrectivo  measure  at  described  In  more  detail  In  |7|  .  Approximating  Ilia 
algnal  thspu  of  by  a  simple  triangular  function  for  equal  length*  of  receiver  gate  and  transmitter  pulse,  as  Indi¬ 

cated  In  Figure  4,  one  can  derive  on  analytical  description  fbr  the  amplitude  behaviour  of  a  moving  target  point  reflector 
depending  only  on  Its  lateral  position.  Using  a  Hamming  window  as  weighting  lUnotlon  the  amplitude  dependence  oflh» 
reconstructed  signals  fa  on  the  cross-range  coordinate  x  result*  In 
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where  the  dimensionless  value  a  la  defined  as 


(II)  ase*A*  (1-  -*«“■)  , 
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A»  another  rwult  of  [7]  tho  amplitude  dependence  f,  on  the  range  eonrdlri.ilc  y  can  bo  approximate .'  by 

(13)  fy  *■  0ifi5  +  Os 3$  eo«(  ) 

where  ymu  li  defined  by 

(14)  ■ 

So,  the  envelope  f,,  of  tho  reconstituted  two  dimensional  resolution  fmellon  maxima  nf  all  reflector  puslllnni  In  the  Image 
plane,  as  shown  In  Figure  I,  can  be  approximated  very  well  by  the  product  of  f.ifj,  If  the  Itmetlun  f,,  Is  once  known.  It 
[e  very  easy  to  compensate  the  amplitude  degradation  bv  simply  multiplying  the  reconstructed  signal  amplitudes  A(*,y) 
with  tha  Invar*, e  flirtation  f„  The  computational  efTott  Is  small,  so  that  there  Is  no  significant  loss  In  prooesslng  speed, 
The  efflset  of  this  cnuntirmrikiirc  Is  demons!  rated  In  Plguro  9,  Hero,  the  reeon.nrticloJ  ..Ignai  amplitudes  of  unit  point 
Boitterars  ero  needy  equal  after  applying  nmplllude  corrections,  so  Hint  a  reliable  quantitive  Interpretation  of  the  tabu¬ 
lated  RCS-velues  li  poailble,  as  lon,j  as  the  cron  dimension  of  the  Individual  luiagod  r.caltorlng  comer  U  lets  titan  Ax. 
Although  the  degradations  on  lmn|,t  resolution  are  not  aflhetod,  the  amplitude  corrective  measure  Is  sufficient  fbr  many 
situations  of  practical  rele.i  nee,  especially,  If  the  maximum  lateral  object  position  |xl  Is  less  than  or  slightly  above  x[W, 
as  Is  dtmon  '.rated  In  Flgurt  10,  If  the  ohjr-rt  dimension  D  Is  much  larger  than  2  xr„„  as  In  easo  of  a  real  aircraft  [10], 
at  the  mentioned  RF-paremelert  the  loss  In  resolution  will  be  significant  ns  I*  shown  [br  the  Imaging  of  simulated  pairs 
of  unit  point  riflacton  ,n  Figure  1 1, 

THE  FOCUSED  .* -PFRTURB 

In  order  to  enhancti  the  resolution,  the  sylhellc  aperture  must  he  corieetly  focused  In  the  Imege  plane,  that  means,  the 
mollcr.  through  resoluUon  culls  has  to  be  compensated  for,  Already  twenty  years  age,  Brown  and  Fredericks  [11]  derived 
fbr  pulse  doppler  redar  meaeuromint*  a  fundamental  method,  which  consists  of  taking  the  Fourier  transform  of  range 


sweep  daU,  followed  by  a  gentle  distortion  or  this  rnngo  transform  plane,  and  tlmt  followed  by  a  lwo-dlmonslon»l  Courier 
transform  resulting  a  correct  focused  Image.  If  no  optical  Irnnsl'ormntlon  devices  n**e  usod,  mieh  methods  cost,  some 
computational  effort  mid  coriseqiumlly  enuso  n  loss  In  spcotl  for  the  linage  geiiei.illon  mnlnly  dm*  to  mi  mldltloiml  two- 
dimensional  Fourier  transform. 

Another  melliod  suggested  here,  is  rt  special  tracking  technique,  where  point  relleeiors  will  be  traced  through  sovorui  range 
culls,  If  required.  Thll  method  Is  supplemented  by  a  single  preprocessing  phase  correction  replacing  tho  phase  approxl* 
metlon  outlined  In  Section  2,  where  phase  contributions  of  the  y,  coi0„  term  have  boon  neglected.  The  additional  phase 
correction  is  described  by 

(15)  !•"(»„ y,) ■  V(0„,yt)  osp  [  y,  ooiff,] 

which,  however,  now  requires  a  knowledge  about  Lhs  location  of  tho  rolntlot.nl  cantor, 

For  compensation  of  range  walk  cffccta,  scattering  center,  can  be  traced  through  sovcrul  range  coll.  If  tho  processing  time 
li  larger  than  tho  time  needed  for  tho  loattorlng  oonler  to  move  through  n  resolution  cell.  In  thc.e  slluitloni  the  maximum 
detectable  .ignal  .trongth  will  al.o  appear  In  neighbouring  range  cell.,  The  example  In  Figure  12  Jlsplnyes  tho  ilgnal 
■trength  ver.t.i  a. poet  ingle  In  three  neighbouring  range  cell*  for  a  point  reflector  ero.ilng  tho  l>ll<  tenge  coll  during  the 
angular  Interval  AO,  Tho  pho.o  of  tho  baekaeattorod  ilgnal  only  depend!  on  the  dlitrmee  botwton  the  radar  .omor  and  tho 
current  location  of  a  lathering  cottier,  Tho  ilgnal.  In  tho  neighbouring  range  colli  I  ±  I  lamplod  ol.  cquol  oipoot  englei 
therefore  arc  In  phase  to  tlioio  of  the  1-th  rango  cell  at  long  a.  the  motion  or  iho  icaherlng  center  In  range  dlroctlon  during 
tho  time  Interval  betwoun  Uio  ilgnal  latnplc.  In  neighbouring  range  colli  li  negligible,  lienee,  It  It  poiilhle  to  uie  there 
ilgnali  for  coherent  extetulon  of  the  anal, viable  angular  Interval  which  Inturn  Iciidi  to  a  larger  effective  aporluro.  Thli  can 
be  achieved,  for  Initanco,  by  replacing  all'  thoie  fraction*  of  tho  ilgnal  lamplci  In  the  l>th  range  cell  at  a  given  nipect  angle 
by  ilgnal  contribution!  of  neighbouring  range  ot.Ha,  where  Iho  nmpllludoi  of  the  Inner  onei  are  larger,  For  the  ahovo 
mentioned  parameter  lot  thin  will  happen  If  tl -  algnnl  amplltudo  of  n  point  reflector  hocomel  leu  than  60%  or  lu  mexl- 
mum. 

Flgur.  12  dl.nlayoi  an  oxampla  of  this  cohehent  signal  extension,  The  location  of  the  scattering  center  at  half  or  Ihn 
process  angle  Interval  A0/2  la  assumed  to  be  at  the  center  of  the  l-tli  rnngo  cell  and  the  total  migration  path  <5y  In  range 
direction  during  the  process  Interval  Is  assumed  to  bo  2Ay  (Ay  “depth  of  a  rongu  cell).  Mere  ilgnal  amplitudes  larger  than 
60%  of  lie  maximum  arc  only  extended  on  half  of  the  Interval  SO  In  order  lo  reduce  the  hereby  resulting  Image  quality 
degrading  rango  walk  olTocta  tho  ilgnal  vnluti  glvan  by  tho  dashed  areas  can  bo  col.orently  combined  to  form  a  focusod 
lyntliotlo  aperture  In  llio  l-th  rango  cell.  In  oases  where  the  migration  pull,  3y  Is  larger  than  3  Ay  the  angular  Interval,  during 
which  the  signal  amplitude  oxeecds  tho  60% -murk,  Is  limited  to  lass  than  Afl/3  n.ul  therefore  signal  contribution!  ofn  point 
■catterer  In  flvo  and  moro  nolghourlng  range  colli  have  lo  bo  Included  In  Ihc  signal  ox  tension  process,  m  shown  In 
Flgur*  13.  Ilowevor,  Uio  triangular  shape  of  Iho  ilgnal  envolopa  resuming  from  this  tracking  procedure  will  cause  an 
Incroaia  of  ildolobo  loval  for  icallerlng  contors  even  If  Hamming  windows  are  .tied  In  Ilia  Imaging  proccis,  The  enhanced 
■Idalohe  level  can  be  farther  reduced  If  ono  allows  an  controlled  enherout  overlap, sing  of  sampled  dal.,  lections  from 
neighbouring  colli  In  order  to  smooth  the  ilgnal  shape  ai  outlined  In  [9],  The  sci.tlorlng  ccntora  will  he  l.iu.ged  then  only 
with  negligible  cllltorUo.il  and  will,  reliable  qunntllailvo  UC8  vnluoi, 

Applying  thll  .racking  technique  nl  each  stop  of  steering  ll.c  focuiod  beam,  much  more  computer  lime  will  bo  consumed, 
because  tho  fait  FFT  algorithms  can  not  ho  applied  for  this  direct  method.  Therefore,  In  oro.i-range  direction  Ihc  Image 
piano  li  devlded  In  strip  like  rones  running  parallel  lo  Die  rnngo  coordinate,  Now,  Tor  each  r,ono  an  Individual  tracking 
procedure  Is  applied  which  results  In  an  optimal  focused  aperture  In  every  range  coll  arranged  for  a  point  rcftcclor  at  Iho 
cantor  of  each  r,ono,  If  the  cron  rango  extension  of  a  anno  li  such  dimensioned,  ll.nl  dllftrcnco*  In  rnngo  walk  Insldo  oooh 
tone  remain  small,  them  Tor  all  polnta  the  same  tracking  arrangements  may  he  applied  ns  for  Ihe  position  nt  the  center 
of  the  tone.  Therafbrc,  the  usual  fast  Image  algorithm  baaed  on  FPT-algorllhma  con  again  be  applied  to  achieve  a 
tone-wlie  undlitorted  cron-range  resolution,  whereby  only  the  reconstructed  data  Inside  ouch  single  /.one  are  tnknu  Into 
account  to  construct  tho  final  focused  Imago  [9],  The  Increase  of  compt.lullm.nl  cITorl  li  llmllod  by  tho  number  of  xonei, 
heoauio  each  tone  roqulrei  the  application  of  one  FFT.  The  number  of  rones  depends  on  the  maximum  nblecl  dlmoitslon 
and  on  the  length  of  II. o  processed  angle  Interval,  The  definition  of  the  time  widths  l«  somewhat  arbitrary.  For  the 
parameter  valuoi  given  ahovo,  the  definition 

(16)  «-  (m  +  0.3)  ,  m-  1,2,3,.,. 

hoi  boon  Tound  uioltil,  where  ±  R„  denotes  the  boundaries  of  the  tones  In  cmsi-rnngc  direction,  Compared  to  the  melliod 
suggested  by  ||ll||.  It  Is  a  further  significant  advantage,  that  a  car  foot  focused  aperture  Is  obtained  by  processing  pure  time 
domain  raw  data,  an  that  no  farther  data  manipulations  with  Inherent  unknnwn  offccla  ns  caused  by  applying  additional 
fora-  and  backward  transformations  do  oxl.t- 

The  two  examples  for  correct  focused  Images  In  Figures  14  and  16  demonstrate  Ihc  efficiency  of  this  melliod.  Figure  13 
shows  the  experimental  setup  corresponding  to  Figure  16.  The  Image  nl  Figure  lb  Is  processed  with  an  unusually  large 
process  angle  of  31.2"  In  order  to  reallr.e  a  migration  path  for  (he  nub-,  point  scnlterer  through  more  than  6  range  cells, 


6,  CONCLUSIONS 

In  this  paper  a  combined  hardware/soltwar*  method  Tor  generating  fast  two-dimensional  ISAR  Images  has  been  pre¬ 
sented.  The  cne-dlmenilcnil  RCS-proflles  variui  range  art  produced  In  reel  Lime  with  the  aid  of  a  gated  coherent  short 
pull*  radar,  Small-angle  looki  art  sufficient  to  obteln  high  cross-range  resolution  using  fast  BAR  principles.  It  was  shown 
that  in  Incorrect  focusing  of  Ihc  synthetic  aperture  can  cause  severe  degradations  on  Image  quality  .The  nteln  mechanisms 
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for  then  elTeeU  ere  Identified  and  two  compensating  countormoaiuro*  have  boon  preientcd.  Ilxamplos  of  practised  Images 
fVoffl  ilmuleted  end  experimental  data  demonstrated  the  enpabllltles  of  those  methods. 
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reflector  through  ntivcrnl  rouge  colls, 
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T'lgure  7.  Envelope  or  reconstructed  maximum  signal  amplitudes  calculated  for  rt  point  reflector  at  any  position  lit  the  Imago 
plane,  Amplitude  of  tills  surface  depends  on  focusing  errors  ami  range  wnlk  effect;  yflW**  40cm,  X  -  .1cm,  a) 
AO-  12,8"  (Ax -6.7cm),  b)  A0-  5.V  (Ax«  I.Vficm). 


Pljuii  9.  Two-dlmenslonsl  Imsge  or  slmul.-ted  unit  point  tcatiaren  when  ft)  unlrig  a  Hamming  window  for  a  preprocessing 
signal  weighting  and  h)  additional  applied  amplitude  corrections;  sec  also  figure  3, 
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I'lguri  II.  Limited  resolution  ciipnbllHy  wlicn  uilnn  only 
amplitude  corrective  measures,  demon¬ 
strated  lor  pairs  of  (.Jem-cllslnncc)  sim¬ 
ulated  point  reflector*,  J"3cm, 
A0-J.5". 
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Plgure  10, 


Imaged  soKttorlng  centers  of  ti  icnlod  alrcmft  model, 
X"  3cm,  A0- 12.8°, 
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Plgure  12.  Sampled  signal  amplitudes  of  u  point 
lettlerer  centered  al  II, o  I -th  resolution 
cell  shown  for  three  adjacent  range 
cells,  During  the  process  Interval  &0 
the  scatlercr  movesover  a  poll, length 
of  iy"  2Ay  In  range  direction, 
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Uigurs  13,  Resulting  signal  shspss  nflsr  upplyli  the  Irscklng  procedure,  shown  for 
different  point  Scatlcrcr  migration  path  longthn  d  y  during  (ho 
process  intervnl. 


Uigurs  14  Ccrrsol  focused  Imsgo  of  ilimilstcd  pairs  of 
point  reflectors.  The  same  arrangement  as 
In  Ulguro  1 1 . 


cross-range/m 


styrofoam  plate  point  scattarer 


I'lgurs  15,  litnsrlmonlsl  sotup  Cnr  Imitglitg  point  ri-ncc. 
tors. 
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cross-range/m 
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-23. S  -26.S  -23,3  -23,8  -P’,3  -IS, 


-2.J.J-2H.U  -17, J  -IS, 3  -It, 3  -B  ,  J 


Uigurs  Ifi.  Imiged  point  reflsclors  In  »n  srrr.ngsmsm  m  shnwri  In  t'lgunc  IS,  Heavy  blurring  caused  by  significant  range 
walk,  2 -3cm,  Ay*  15cm,  y„„“  40cin,  Afl”SI  2"!  n)  for  only  Hamming  dnln  weighting,  b)  lor  correct 
focusing. 
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A  CASE  STUDY  FOR  ISAR  IMAGING 
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Thia  paper  raperta  on  a  atudy  of  ISAR  imaging  of  a  formation  of  two  fighter*.  Tha 
obaarvationa  art  intarpratad  in  tarma. of  ralativa  notion*  of  th*  two  alroraft  by  uaa  of 
modal  atudy  and  computar  aimulatlon,  Jr ' — 

T7 


O.  INTRODUCTION 


ISAR  ia  an  acronym  for  Invaraa  Synthatlo  Apartura  Radar,  Thia  ia  a  tachnlqua  to  obtain 
hi(h  croaa  rant*  apatial  raaolution  of  a  flying  targat.  Tha  tangantial  tranalation  ip 
uaad  to  aynthaaiaa  a  iarga  radar  apartura,  Th*  aim  of  ISAR  la  to  raaolva  eh*  individual 
radar  highlight*  of  th*  targat, 

Th*  targat  la  aaaumad  to  be  a  collection  of  highlights  oh  a  rigid  body,  Each 
highlight  contributes  to  tha  radar  return,  Th*  contribution  la  a  function  of  radar 
rafloctivity  and  diatanca  to  tha  antanna.  fly  processing  coharantly  recorded  radar 
return*  it  ahould  ba  possible  to  estimate  eh*  flight  path  of  aaoh  individual  highlight, 
Th*  flight  path  of  a  highlight  can  ba  described  by  tha  path  of  tha  center  of  motion  (CM) 
of  th*  targat  and  pitch,  yaw  and  roll  of  tha  highlight.  Th*  problems  which  arias  in  tha 
astimatlon  of  tha  velocity,  pitch,  yaw  and  roll  of  tha  targat  ara  addrasaad  in  this 
paper. 

in  order  to  dtaerlminata  batwaan  the  oontributlona  of  tha  different  motion*  to  the 
ISAR  proceasina  wa  made  a  modal  atudv.  Tha  rasulta  of  thia  atudy  have  bean  verified  by 
computar  simulation*  and  applied  to  radar  data  of  a  formation  of  tuo  fighter  aircraft 
which  was  obaarvad  under  controlled  conditions, 


1.  MODEL  STUDY 

Th*  targat  ia  modeled  by  a  collection  of  L  discrete  highlights  on  a  rigid  body.  Tha  nlh 
radar  echo  can  than  b*  written  at, 


L  g 

*n  •  J  «,  a  e  "  J  JC  rM  ( 1 ) 

1 

with 

n  •  number  at  radar  echo 
i  •  number  of  highlight  . 

•  radar  reflectivity  of  th*  i1  highlight 

rni  »  diatanca  of  th*  tth  highlight  to  th*  radar  at  the  nih 
radar  return 

A  •  wavelength  of  th*  redur 

Wa  constrain  oursalvas  to  tha  2  dimensional  description  of  tha  target  geometry  tor 
tha  aake  at  simplicity .  We  describe  th*  target  in  a  plana  which  includes  the  radar  and 
tha  flight  path  of  thw  targat.  Figure  1  gives  tha  geometry  in  which  th*  radar  and  om  ar* 
moving  with  raspact  to  th*  origin  of  the  grid,  The  origin  is  tha  center  of  ISAR 
processing  (CP) . 


Th*  distance  to  tha  radar  of  a  single  highlight  can  b*  written  aa, 
rnt  ‘  [  <  *  >0  *  3  *  V^ecal*,,))  ]* 


rftl  »  diatanca  of  th*  t111  highlight  to  th*  radar  at  th*  nlh 
radar  return 

R  ■  dlatahc*  of  tha  radar  to  CP  in  th*  n  radar  return 

n  a  l 

x  •  m^eoata)  *  c^ees!^)  *■  c  eoa(ft)  n  6 1  *  g  eoe(r)  (n  At) 


(2) 


j  ■in(j')  {n  At) 


y  *  m  ftin(a)  ♦  )  ♦  c  uln(ft)  n  At,  + 

m  o  V  n 

m  •  diatance  of  CM  to  CP  It  n  >  0 

O 

c  •  velocity  of  CM  relative  to  OP 
a  •  (coloration  of  CM  relative  to  CP 
At  •  pul(«  Interval  of  th(  radar 
a,  /I,  r,  d„and  dh  ara  indleatad  in  figure  1 

Undar  tha  aaaumptlon  of  PtJ  > )  x*+  y* ,  <n>  n  At  and  Pn»  u  n  At  we  make  a  Taylor 
expander,  up  to  tha  aacond  ordar  of  Sq.(2)  around  n  •  o  (t  •  0) , 


*  a 


♦  <lu,t“i4  U|J  ]  <n 


c  t  r  i 

with 

V  mo#ln(V 

<V  dt»in<*0*  *0) 

c  ■  c  •in(*.  +  /l) 

f  o 

a^n  a  »in(«0+  p) 


d  (a)  W 

V  r  i  1 


d^C0i<#o-«o)  uj  J  (n  Ae>* 


Ocr  O  O 

.  dooa(S0+  «o) 
a  ccoa(®0+  fl) 
a<f  »  aeoa(®0*  y) 


Next  ua  invaatiiata  four  apaclal  caaaa  of  Iq.(3); 

a/  A  target  stationary  to  CP 

(CP  •  CM,  mid,  e  >0,  a  ■  0,  Ugi  O) 


b/  A  target  rotating  around  CP 

t  CP  •  CM i  m  •  0,  0  ■  0 ,  a  •  0) 

c/  A  target  tranelating  with  a  uniform  velocity  with  reaped  to  CP 
(u  •  0,  U  a  O) 

d /  A  target  aecalarating  uniformly  with  reaped  to  CP 

(«,■  0) 


(II 


rig.i  fig. a 

figure  1,  The  geometry  of  a  target  moving  with  reaped  to  CP.  The  geometry  ie  a 
projection  of  the  terget  onto  the  plene  (panned  by  the  flight  path  and  the  radar.  The 
relative  velocity  (cl  and  relative  acceleration  (a)  vector  of  the  target  at  CM  are  alec 
plotted,  The  aymbole  are  explained  in  the  text, 

figure  a,  The  flight  path  of  the  formation,  a  indlcatei  the  beginning  and  E  tha  end  of 
tha  run.  The  radar  la  poaltloned  at  (0,0).  The  daahed  lines  indicate  the  field  of  view 
of  the  phaeed  array  radar. 


l.t  A  STATIONARY  TARGET 


For  a  stationary  tariat  tha  radar  return  can  ba  written  aa 

•„  -  i  »c  •* "  * '  [  v  v  ] 

i  ■  i 

If  th«  phait  history  of  CM  U  Known  w«  can  raduea  iq.U)  to 
a;  a;  e*  "  J  f  [  “urV  At  ] 


"  J  '  dir 


A  DFT  symmetric  around  n  ■  0  of  lq.(B)  givaa 
L  N/S  r  £  u  1 

.  «  l  .{  l  •*  "  i  l  K  d«rV*  “  »  J  "  (G) 

t  •  I  • H/t 

E  la  a  linear  combination  of  L  alnc  functlona.  The  main  lobaa  do  not  overlap  whan  N  la 

"  k 

aufflciently  large,  Tha  power  apactrum  P  (•  c,Ck )  has  L  paaka  In  that  case.  Tha  strength 
of  tha  (t,h  peak  Is  |uj*  (a  |o||*  ■  a^a'  )  at  jg  a  d^u^At . 

Tha  frequency  axis  gives  a  measure  for  tha  cross  range  of  the  target 

dtsr  "  l  <M 

Tha  angular  velocity  of  tha  target  is  approximated  by 
k  COS<*  > 

o _ a  ,  o , 


A  «  distance  of  tha  target  at  n  ■  o 


This  derivation  shows  that  the  power  spectrum  of  motion  compensated  radar  returns 
can  ba  used  to  produce  a  cross  range  Image  of  the  target  if  tha  phase  history  of  CM  is 
known  and  pitoh,  yaw  and  roll  oen  be  neglected, 

l.t  ROTATING  TARGET 

During  short  time  intervals  pitch,  yaw  and  roll  motion  of  a  target  can  be  described  by 
uniform  rctatlon  u(  around  CM.  The  motion  oompeneeted  rsdsr  returns  can  then  ba  written 


L  i  r 

*n  *  S  a;  e*  n  3  ST  l  e‘t0r[u.  *  “a1  n  * 

t  •  i 

+  djtosl^-  89)  wj  )  (n  At  I*  j 


We  investigate  the  DFT  of  tq,(9)  es  the  power  apectrum  has  proven  to  be  a  ueeful  tool  to 
examine  the  IMAR  image  of  e  stationary  target, 


i.  N/e  f  f , 

tk  •  it  j  a;  ,  2  •*  n  J  I  l  s;  ♦  wt]  At  -  ^  j  n  - 

t  -  i  -N/t  L  ao) 

r  [  dtr“t“a  +  V  “J  ]  <*  41 )'  | 

The  term  between  tcooledaa  in  Iq.(io)  1*  e  diaerete  form  of  a  Frssnsl  integral  - 
defined  rrasnel  sum  in  tha  rast  of  the  text  -  which  is  discussed  in  the  appendix,  The 
DFT  of  lq.(«)  ie  e  sum  of  L  blurred  sine  functions  with 


n- 4 


*  7"  [w^+  ]  At  R 


Tha  blurring  1*  proportional  to  the  aacond  order  term  in  gq.<9).  w*  can  maka  an 
aatiaata  of  this  tarn  by  taking  typloal  valuta  for  h,  at,  w(  and  iaf,  Tha  obearvation*  ara 

made  in  C  band  ao  \  •  0,0S  m.  With  V  ■  soo  m  a'1  and  *  *  18  km  wa  gat  w(  a  O.Ot  rad  a"*. 

Tha  RM8  angular  valsoity  of  a  typical  fighter1  ii  i  >  dag  e“‘  to  u  S  a. OS  rad  a"1,  Tha 

typioal  aiaa  of  a  fightar  la  id  m  to  d  i  to  m ,  Tha  aacond  ordar  tarn  la  S  S 

<■  to  o,  or  e  g  it  /  0,05),  Tha  raaulta  in  tha  appandix  indleata  that  for  a  ona  aaoond 

lntagration  intarval  tha  blurring  of  tha  paaka  in  tha  I3AR  image  can  ba  naglactad  for 
valuaa  of  tha  aacond  ordar  tarn  S  B, 


1.3  TARGET  WITH  UNIFORM  VELOCITY 

in  tha  caaa  of  a  rigid  body  of  L  hlghlighta  tranalating  uniformly  with  reaped.  to  CP  tha 
motion  companaatad  radar  raturn  can  ba  writtan  tag 


*  V  — .  t  ft  J  £  f  c  ♦  m  u>  +  d  1 
•  X  ^  f  dor  i  Ur  i  J 


n  i!  ♦  e  w  in  AD 


i  ■  1 

Tha  OPT  of  kq.ua)  hat  tha  forn 
L  H/t 


cw  •  l  *:l  •' 

i  m  t  -N/i 


t  FT  J 
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(12) 


(13) 


Iq  •  113)  !■  ■  of  Fr«pn«l  *um».  Etch  Fr«tn«l  turn  is  tymroBtric  around 

»  *  K  [  V  l"\»ar*  “ ,  ] 61 


Tha  poaition  of  tha  i  highiight  in  tha  apactrum  ia  thittad  comparad  to  tha 
atatlonary  targat  (of.  Eq.(7)),  Thia  ahift  ia  proportional  to  tha  ling  or  alght  velocity 
diffaranct  batwaan  tha  tranalating  targat  and  CP.  Tha  croaa-ranga  velocity  component 
canine  a  blurring  of  tha  peak  in  tha  power  apactrum  if  i  rr  j£  c(.u,  •  B  for  a  /  aacond 


lntagration  Intarval. 

e.r  ’  jnnr  *  •  » •“ 


With  a  0,01 


rad  a"*  and  k  ■d.OS  m  blurring  occura  whan 


1.4  LINEAR  ACCEL  ERAT I  NO  ROOT 

Tha  caaa  of  tha  accaluratlng  body  la  almoat  analogoua  to  the  pravloua  caaa.  Whan 
cn  ■  cQ  *  a  n  At  tha  aacond  ordar  term  in  Iq,(12)  can  ba  writtan  aat 


a 

r 
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The  blurring  of  tha  ISAR  imaga  given  by  gq.UA)  depend* 
and  e_  , 


(U) 

on  tha  magnitude  and  algn  of  af 


1.9  ISAS  IMAGE 

The  power  apectrum  oan  ba  uaed  to  maka  a  radar  imaga  of  a  target  if  the  phaaa  hiatory  of 
CM  la  known.  A  bad  aatimata  of  tha  phaaa  hiatory  of  CM  ahowa-up  aa  blurring  of  faaturaa 
in  tha  power  apactrum  aa  la  diecuaied  above  for  both  a  uniformly  tranalating  and  an 
accelerating  targat,  The  offaat  in  tha  power  apactrum  due  to  the  voloclty  term  in  the 
firat  order  term  of  Iqa.113  t  13)  la  of  no  importance  in  tha  prooaaaing  of  •  eingle 
target  a*  wa  are  only  intereeted  in  relative  aiaaa  of  the  targat,  When  tha  velocity  in 
■qa.lia  1  13)  la  large  compared  to  v  (tha  velocity  of  CP)  tha  angular  velocity  u  will 

be  wrongly  eatimatad  caualng  a  bad  acaling  of  the  IgAF  imaga  (e.f.  Eq,(7l,  Tha  acallng 
of  tha  targat  la  alao  influenced  by  tha  internal  rotationa  of  tha  target, 


RADA*  OBSERVATIONS  OF  A  FORMATION  OF  TWO  FIGHTERS 


a. 

The  raau.lt*  of  tha  modal  atudy  hava  bean  uaad  to  interpret  the  radar  achoea  of  a 
formation  of  two  fighter*.  By  analyzing  aubaoquant  intervals  ua  can  estimate  i.ha  motion 
Of  on*  of  th*  airplana*  in  tha  tram*  of  tha  other  on*.  The  analyaia  la  illuatratad  with 
■ana  computer  simulation*. 


B. 1  OBSERVATIONS 

A  formation  of  two  flghtara  of  tha  Royal  Dutch  Air  forea  flaw  ten*  pradofinad  track*  in 
viaw  of  our  instrumentation  radar  in  tha  fall  of  1887,  Wa  aikad  tha  pilota  to  keep  th* 
formation  maid*  a  bo*  with  th*  aiaa  of  78  m  in  th*  x,  y  and  a  direction,  on*  of  th* 
flown  track*  i*  ahown  in  figure  2  Th*  track  i*  plotted  in  tha  coordinate  ayatam  of  tha 
radar. 

Th*  formation  ia  otaarvad  with  an  **parimantal  phased  array  radar,  Tha  radar 
paramatera  era  i  c  bandi  lOOv  pula**  par  aaoondi  a  bandwidth  of  iMHs . 


i.  t  MOTION  COMPENSATION 

Tha  raaulta  of  tha  processing  of  a  part  of  th*  flrat  lag  ia  diaouaaad  below.  Th*  flight 
path  of  CM  oan  ba  approximated  by  a  atraight  path  for  thit  part  of  th*  traok.  Th* 
diatanc*  of  CP  to  th*  radar  IR  )  can  ba  expressed  aa, 
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v’o  co*V*a)  A  a i n i *0 1  ,  4  „ 


(18) 
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The  paramatera  At  and  AS  oan  b*  aatimatad  by  a  second  order  fit  to  the  phase  dots 
of  tha  ooharantly  recorded  echo  raturna.  Whan  short  intervals  of  e  straight  flight  path 
are  processed  th*  contribution*  of  th*  Individual  highlights  tan  be  regarded  aa  nolae  on 
tha  aacond  order  phaae  fit.  Thla  procedure  for  motion  ■. ompenia t Ion  is  described  by 
Eerland  (108*)^ 


0.3  COMPUTER  SIMULATION 

Wa  hava  simulated  radar  return*  for  a  formation  of  two  target*.  Each  target  consists  of 
thru*  highlights  along  th*  body  axis  with  a  spacing  of  5  m.  Tha  amplitude  ratio  of  tha 
three  highlight*  ar*  1  i  0,79  i  0,46  from  moa*  to  tail,  Th*  two  target*  are  llned-UP 
with  a  relative  diatanc*  s>  .  Th#  parameters  for  four  simulations  are  given  in  table  I. 

Ro,  Vo  and  *B  ara  th*  parameter#  for  tha  target  at  CP 
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Tabla  I.  Parameters  used  in  ths  computer  simulation 


The  radar  parameters  used  In  the  simulations  art  ths  earns  ■■  the  parimttri  of  tha 
instrumentation  radar. 

Tha  ISAA  images  plotted  in  flgura  3  ara  Hanning  taparad  powar  upeotre  of  tha  notion 
compensated  radar  returns  Tha  fraquansy  ax  la  of  tha  images  ara  aoalad  with  Eq,(7).  Tha 
velocity,  range  and  aapact  angle  used  in  tha  aealing  ara  eatimeted  from  tha  proeeealng 
of  tha  radar  raturna. 

A  comparison  of  Imagaa  3a,  3b  and  3c  ahowa  that  tha  maaaurad  diatanca  between  tha 
aircraft  ia  vary  sansltiua  to  diffaroncaa  in  tha  range  velocity.  Image  Id  damonatrataa 
that  tha  accalarationa  indeed  show-up  ai  a  aimifieant  widening  of  tha  highlight 
faaturaa.  Tha  peak  power  dacraaaaa  due  to  tha  widening.  Tha  limited  apacing  of  tha 
highlights  compared  to  the  width  of  tha  blurred  main  lobaa  introduces  significant 
contributions  of  crose-tarma  of  overlapping  main  lobaa  to  the  image  of  tha  acoalaratad 
target  in  figure  3d.  Tha  croaa  tarma  causa  tha  distortion  of  tha  image. 


B.  4  DATA  PROCESS!  N<3 

We  have  analysed  27. a  seconds  of  tha  first  lag  ranging  from  i  •  7.0  to  t  •  as. 9  a.  This 
interval  la  divided  in  intervals  of  /  second.  Between  i  •  7.0  and  t  •  is, a  a  tha 
intervals  overlap  0.9  a  and  batwaan  i  •  is, 5  and  t  *  34  S  a  tha  intervals  ara  adjaoent. 
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Figure  3.  I8AF  images  obtained  from  computer  simulated  radar  data.  Tha  parameters  of  the 
four  imagea  are  given  In  table  1. 
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We  applied  the  nation  conpemetlon  method  of  Kerlend  <19B1)  to  the  radar  return*  In 
each  Interval,  The  method  gave  At  end  AS  for  CM  of  one  of  the  aircraft.  The  tapered 
power  apectra  of  the  motion  compenaated  radar  return*  ahowed  two  target*  In  moat  of  the 
interval*.  In  the  intervale  between  (  •  13, B  end  t  •  ( 8,8  a  image*  of  the  target* 
overlapped,  The  reeulte  for  eight  intervale  are  given  in  figure  a,  The  imagea  are 
lined-up  on  the  leading  aircraft,  The  aircraft  at  cp  ia  alwaya  pceltioned  in  the  middle 
of  the  individual  image.  Note  that  CP  i»  net  alweya  at  the  tame  airoraft,  The  effeete 
diaouaaed  in  the  model  etudy  clearly  manifeat  in  the  Imagea.  on*  obaarva*  a  rapid  change 
in  the  obaarved  oroaa  range  dletaneee  of  the  two  alrcreft.  The  widening  of  the  image 
end  deoreaee  of  peak  pswar  of  the  incorractly  motion  eoitpenaatad  airarnft  la  clearly 
obaervable  in  coma  imagea, 


figure  a,  1SAR  image*  of  th*  formation  for  eight  proceaainj  intervals  The  start  and  and 
time  of  eaeh  interval  era  given  In  the  plot.  The  aapect  angle  e  i*  for  t  •  7.5  a, 

-J7,e  for  t  ■  P. s  a,  -at, 9  for  t  ■  te.B  a,  -te.e  ter  i  •  it  t,  -36, o  for  t  >  so  a, 
-33, s’  for  t  ■  29  i,  -3i . l '  for  i  »  3£  a,  -30, B  for  t  »  34  a . 


In  order  to  estimate  the  phase  history  of  the  not  motion  compensated  aircraft  w a 
procaadad  as  foiiows. 

1/  Use  tha  1  CLEAN 1  method3  to  remeva  tha  aircraft  at  CP  in  tha  frequency  domain. 

2/  Appiy  an  inverse  Fourier  transform  to  set  'CLEANED'  radar  returns. 

3/  Multiply  the  'CLEANED'  radar  returns  with  tha  Inverse  motion  compensation  factor 
e*p(«J*n)  (see  Ed.  (IF))  of  CP. 

A/  Use  the  motion  compensation  mathod  to  aatlmate  the  phaaa  history  paramatars  of  the 
second  airoraft  I  a!  and  aJ) . 

With. tha  help  of  Iq.(ie)  and  At  and  a£  we  can  estimate  ef 
At  -  At  m  t,vo  ein(«0) 

•  er  (20) 


Eq . (IS)  lives 
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(21 ) 


whar» 

y  •  velocity  at  n  mo  of  th«  aircraft  with  phaaa  history  coefficients  At  and  A£, 

o 

*  ♦  I 

V  ■  velocity  at  n  «o  of  the  aircraft  with  phase  history  coefficients  Ai  and  A£, 

°* 

&A  m  acceleration  difference  batwsen  tha  two  aircraft. 

with  V*  -  V*  *  /  AV  y„  we  write  Eq.(21)  aa 
er  o 


At  -  At  • 


A  n 


T" 


(22) 


Tha  uncertainty  in  tha  estimation  of  At  and  At  equals  (£  n  /  r*)  and  if  n  /  D  , 
raapactlvaly  (Eerland  lost),  r  la  tha  length  of  the  prooeaalns  interval  ir  ■  i  ■  in  our 
ears).  Tha  error  in  the  estimation  of  ^follows  from, 

Aer  •  A At  (23) 

with  AAE  «  t  n 

Aer  »  g  «  i  o.ose  m  a“‘ 


rigure  3.  The  orosa  rsnie  diitanoe  sa  function  at  tima.  A  linear  fit  to  the  data  is  also 
plotted.  The  correlation  coefficient  of  the  fit  la  O. I  for  M  data  points. 


Aa 
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If  u*  u*«  the 
*»  to.o3<s  m  »“*. 


tubaequent  estimated  value*  of  u*r  to  derive  u ^  (•  Ac^/At  iaa  sq,(26)J 
When  la  derived  with  help  of  Eq.(22)  we  eetiniflta  Ac  ■■ 


Ac 


H  *0 
~r~  v0 


(24) 


with  AA/  ■  ±t  n,  As  a  to , OSO  «  •"*,  \  ■  0.08  a,  #„■  10  10*  a  and  V  a  100  n  a'*  this 
result#  In  Ac<r  •  tl  a  ■  This  ia  a  large  arror,  Another  puaaibillty  to  estimate  e 

la  by  uaa  or  t ha  maaauraa  dlatanca  batwaan  tha  aircraft.  Tha  dlatanea  l  at  tha  cantera 
of  motion  of  both  aircraft  ia  (o,f.  Iq.(Uj) 


fha  dlatanca  I  can  ba  obtained  from  tha  1SAR  image#  Tha  diatance  1  |ivaa  ua  ia  aa 
w(  and  cr  ara  known.  A  rafraaaion  analyaia  on  tha  valuaa  of  mjr  derived  from  proeaaeing 
auocaaaiva  intervale  (ivae  an  estimate  of  e<f.  Tha  blurring  of  tha  ISAS  inagea  lntroducae 
an  uncertainty  in  tha  meaeurad  valuaa  of  t  The  croea  ranga  dlatanca  m,  ie  derived  from 

OP 

an  averaged  value  of  1  measured  with  CP  on  aircraft  l  and  CP  on  aircraft  2.  Thia  glvaa  a 
lo  arror  of  to  m.  Tha  derived  valuaa  of  m  ara  plotted  in  figure  5  together  with  a 

linear  fit,  Due  to  tha  large  individual  error a  there  la  no  uaa  for  a  higher  order 
regraaaion  analyaia.  With  the  obtained  elope  wa  get  m0ir{ta?.S  a)  •  te  7fl  (A.O)  m  and 

v  •°"w  (0"*J  m 

from  tq.(24)  we  derive  Aar«  to.uft'  it  a'*  einca  Au.r»  tO.S  m  a'*,  AA/  •  tt  n. 
n  a  0,00  it,  *0«  to  ia*  m  and  ioo  it  a‘‘.  The  error  in  ur  ia  probably  a  little  larger 

aa  wa  have  Ignored  ayatanatloal  davlationa  from  a  linear  time  dependant#  for  erf.  Tha 
aaaumptiona  underlying  tha  derivation  of  ar  with  Eq.(22)  hove  been  taitad  by  corralatlng 
af  with  4er  /  At 


Acf  C  [  C  ♦  II  -  »rtt  -  /  ] 

IT  *  "T[l  TIT  -1  if i!  -  TP 


where 

<[<]  •  tha  time  halfway  tha  tlh  obaarvation  interval 

Tha  elope  of  thw  correlation  la  o.o  and  tha  correlation  coefficient  la  c.a  for  SO 
point  a  Theae  raaulta  Juatlfy  tha  uaa  of  tha  linear  regraaaion  of  f>9ranfi  Eq.(22)  to 

derive  af.  In  viow  of  tha  larger  arror  in  a,  when  uiing  Eq.{22)  wa  applied  the  more 
atralghtforwerd  Eq,(26)  to  eetimate  or 


12. 9  RESULTS 


The  methoda  deacribed  in  the  pravloua  aection  ara  used  to  derive  the  crosa  range  and  the 
range  diatance  between  the  two  eircraft  aa  function  of  time. 

croaa  range  diatance 
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Due  to  the  limited  rente  resolution  m  la  only  known  to  about  76  m.  In  order  to 
illustrate  the  relative  motion  in  the  formation  we  assume  m  •  #0  m.  In  flture  b  us  have 

plotted  the  derived  relative  positions  in  the  formation  of  the  two  aircraft  in  the 
frame  of  the  rear  aircraft  with  the  help  of  gqa,<2/  a  28).  The  direction  of  the  flight 
in  figure  4  la  consistent  with  figure  a.  The  range  axle  is  positive  in  the  direction  of 
the  radar.  Dus  to  ovsrisp  of  both  aircraft  in  the  ISAR  Image*  between  t  •  (9  and 
t  .  17  a  no  dlraat  information  on  the  relatlvs  position  could  be  extracted  in  this  time 
interval,  from  the  fact  that  tne  imagaa  ovarlap  we  deduce  cf  <  dm*.  The  overlap 

gives  valuea  of  I  close  to  0  (see  Eq.(2S))  far  (3  s  <  i  17  a.  This  gives 


At  t  ■  19  a  m<(«  et  «  and  o.OH  rad  a'1  which  gives  cf*  -O.IB.  This  valua  of  la 
assumed  between  i  u  il  and  i  •  17  a.  It  ahculd  be  emphasised  that  the  choice  cf  mor  la 
arbitrary.  With  the  choice  of  m  of  so  m  the  two  aircraft  are  approaching  each  others 

This  saema  a  aound  assumption  as  it  la  likely  that  wa  have  observed  the  two  aircraft  in 
the  process  of  forming  a  formation. 


a.  CONCLUSIONS 

Knowledge  of  the  phase  history  of  the  center  of  motion  of  a  target  ia  a  prerequisite  for 
high  quality  ISAH  processing.  Inecouraciea  in  the  eatlmetoe  cf  velocity  end  acceleration 
of  the  center  of  motion  and  rotation  around  the  canter  of  motion  cause  blurring  end 
wrong  scaling  of  the  image,  wrong  scaling  ia  due  to  a  misfit  of  tha  first  order  term  and 
blurring  ia  due  to  a  misfit  in  tha  second  order  term  of  tha  phase  history  of  radar 
highlight!.  Tha  first  order  term  ie  dominated  by  the  range  velocity  and  rotation  around 
the  center  or  motion  while  the  second  order  torm  is  dominated  by  the  cron  range 
velocity  and  tha  range  a<  •  'erstion  These  effects  are  illustrated  In  I8AR  images  of  a 
formation  of  two  alrcra' > 

In  the  caae  of  a  f>  union  each  of  tha  two  airplanes  can  be  taken  at  reference 
point  for  processing.  Hei  nth  It  la  possible  to  derive  the  relative  range  velocity 
between  the  two  aircraft  with  which  we  are  tble  to  estimate  tha  cross  range  distance 
between  tha  two  aircraft.  Tha  cross  range  distance  as  function  of  time  gives  an 
estimate  of  tha  relative  croaa  range  velocity  between  tha  aircraft  with  which  the  range 
acceleration  can  be  estimated,  The  ao  derived  range  acceleration  is  consistent  with  the 
range  deceleration  obtained  by  the  time  derivative  of  the  range  velocity,  With  the 
derived  croaa  ranaa  distance  and  ranse  velocity  wa  can  reconstruct  the  relative  motion 
of  the  two  aireiaft  in  the  formation,  Only  tha  aero  point  of  the  relative  range 
distance  le  unknown. 

In  tha  description  of  tho  relative  motions  in  the  formation  given  above,  each 
aircraft  la  implicitly  assumed  to  be  a  single  point  scatterer.  In  case  of  a  single 
aircraft  observed  with  high  range  resolution  radar  it  should  be  possible  to  use  a 
similar  approach  to  estimate  iteratively  tha  parameters  describing  the  phase  history  of 
each  individual  highlight.  These  parameters  could  then  be  used  to  derive  linear 
acceleration!  and  rotation*  during  tha  processing  interval  leading  to  a  model  cf  the 
target , 
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figure  a.  Tha  position  of  the  center  of  aotion  of  the  leading  aircraft  in  the  frame  of 
the  trailing  aircraft,  The  canter  of  motion  of  the  rear  aircraft  la  located  in  (0.0) .  the 
time  inaraaaaa  froa  top  left  to  bottom  right. 
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Figure  Al.  The  uniformly  end  Hanning  tapered  Fourier  transform  of  Eq . I A2 ; .  The  left 
column  repreaonte  the  reaulta  with  the  uniform  taper  and  the  right  column  with  the 
Hanning  taper.  The  values  of  the  parameter  o  are  indicated.  The  integration  Interval 
rune  from  -0.5  to  ♦0,5.  The  vertical  axis  gives  the  power  in  dB.  The  highest  value  in 
each  plot  is  mealed  to  30  dB.  The  horizontal  axis  gives  the  number  of  the  KFT  channel 
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APPENDIX  FRESNEL  INTEGRAL 

An  integral  with  second  order  complex  exponential  powers  is  called  a  Fresnel  integral 
One  form  of  the  Fresnel  integral  is  given  by 

f  -i 

f  1  O  t*  *  X  t 

Fix )  ■  •  L  J  d<  (All 


When  x  la  replaced  by  x'  (•  -x/Sn)  Eq ,  Al  rerreaente  the  Fourier  traneform  with  a  uniform 
tapar  of  the  function 
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Tha  power  function  of  F(x,  la  ao'lnad  aa 
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with 


C(x)  ■  J  cos  £  ta  J  dt 

O 

X 

8<x)  ■  /-T  J  sin  £  (a  J  dt 
0 

gq.(A3)  la  eymmetrle  around  x  ■  0.  Tha  pouar  function  approaches  a  cquared  alnc  function 
if  tha  paraoatar  a  goaa  to  aaro ,  Tha  main  loba  of  tha  pouar  function  flattana  and  wldene 
for  lncraaalni  abaolut#  valuaa  of  tha  parameter  a,  Tha  widening  and  flattening  ia 
J lluet.rated  in  figure  Al.  In  tnla  figura  ua  have  plottad  tha  unifbrmly  and  Hanning 
taparad  Fourlar  tranaforna  of  Hq.(A2).  Tha  Wanning  tapar  la  uaad  in  ganaral  to  auppraaa 
aide  lobaa  in  the  pouar  apaotrua.  Tha  figurti  ia  acalad  to  the  maximum  of  aach  feature. 


The  valuei  of  parameter  a  are  0,0,  £,B,  5,0,  to.o  and  £0.0  raapactively  and 
•  •  O.B,  Tha  difference  between  the  lagged  uniformly  and  amooth  Hanning  tapered  plota  ia 
■trlking.  Full  width  at  half  maximum  (FMHM)  la  defined  aa  the  width  cf  the  main  lobe  at 
thr-  minus  3  dB  point.  From  figure  Ai  It.  ia  clear  that  FWHM  ia  increaaing  with  incraaalng 
a,  The  ratio  of  the  width  of  the  raaponne  to  tha  wid^h  of  tha  equared  ainc  function  la  • 
O)  ia  a  l  SB  when  a  •  10,  Thla  means  that  tha  power  function  gate  a*gnif icantly  blurred 
for  valuaa  of  a  larger  then  5. 
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Most  operating  radar  eystemi  don't  provide  sufficient  range  resolution  to  reeolva  flying  targets  In  range  di¬ 
rection,  Nevertheless,  high  cross  range  resolution  can  be  obtained  by  l-D  1SAR  Imaging,  This  procedure  will  be 
successful  only.  If  the  target  motion  Is  compensated  with  a  high  accuracy,  In  this  paper,  a  motion  com¬ 
pensation  technique  Is  introduced  based  on  Kalman  forward-backward-emoothlng  on  radar  position  estimates 
together  with  spectral  Information  An  Iterative  error  correction  procedure  (autofocus)  yields  a  cross  range 
Image  with  sufficient  resolution.  Correct  scaling  and  estimation  of  the  Imaging  axis  direction  are  derived  from 
the  flight  path  by  a  simple  orientation  model. 

Some  experimental  Investigation  of  this  kind 
Werthhoven,  FRO.  Ecno  sequences  of  targets  of  opportunity  were  recorded  and  off-line  processed,  With  the 
autofocus  procedure  coherence  times  up  to  e  sec  could  be  achieved  providing  resolution  cells  In  the  magnitude 
of  l  m.  Images  during  straight  flight  periods  as  well  as  along  curved  flight  paths  were  generated.  The  re¬ 
liability  of  the  Information  givan  by  the  signatures  was  examined  by  comparison  of  Images  of  the  same  air¬ 
craft  at  different  positions  and  different  flight  manoeuvers,  but  at  the  same  aspect  angle. 
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of  fRAR-processlng  was  done  with  t.h«  ELBA  phased  array  at 


1.  INTRODUCTION 

Naders  without  broadband  equipment  cennot  achieve  any  target  reeolutlon  In  the  range  direction.  Nevirtholoes, 
ISAR-methods  promise  eufflclent  cron  range  reaolutlon  as  s  tool  for  classification,  Compared  to  gD-methods, 
which  have  bean  Investigated  Intensively  (1 1 1„  ,101),  the  information  content  of  ID-ISAR  signatures  Is  limited, 
But,  st  least,  the  target  dlmeneloni  as  well  as  u  few  dominating  scattering  centere  can  he  Identified.  ID-ISAR 
Is  net  e  subset  of  2D-ISAR,  since  customary  motion  rompsnsstlon  techniques  like  the  lsolsted-ecsttercr- 
trsek-method  12!  cennot  be  applied.  On  the  other  hand,  the  amount  of  date  is  much  smaller;  so  the  computa¬ 
tional  effort  can  be  concentrated  on  procedures  with  maximum  available  performance. 

If  the  flight  path  of  the  target  and  Ite  orientation  relative  to  the  radar  aro  known  In  the  magnitude  of  A./B , 
ID-ISAR  le  e  rather  elmple  procedure,  conalatlng  of  a  motion  compensation  part  (phsse  correction  according  tu 
the  distance  between  the  antennas  phase  canter  and  s  target  fixed  point)  followed  by  spectrum  analysis. 

The  mein  problem  is  to  get  exact  knowledge  of  translational  and  rotational  motion,  Due  to  this,  tho  first 
ISAR-experlmtnts  were  restricted  to  rectilinear  flight  factions  141,  A  fllterbsnk  over  all  possible  velocity 
vectore  made  focussing  possible.  But  for  other  flight  manoeuvers  this  method  Is  no  longer  feasible,  ordinary 
position  estimates  provided  by  the  radar  are  to  rough  for  this  purpose.  Analysis  or  the  complex  echo  loquunco 
alone  eventually  permits  the  generation  of  high  resolution  spectra  but  dous  not  give  any  relation  to  tho  tar¬ 
get  concerning  Imaging  axis  and  scaling.  -So  we  tried  to  put  position  estimates  and  spectral  information  ex¬ 
tracted  from  the  echo  sequence  together  Into  a  Kalman  filter.  Slnco  s  contlnoua  estimate  of  the  flight  path  la 
needed,  we  used  a  technique  developped  at  the  FFM  by  N.J.MIeth  1 7 1  combining  forward-backward  smoothing 
and  Interpolation. 

Imaging  axis  and  scaling  are  determined  by  the  momentaneoui  angular  velocity  vector,  The  latter  cun  bo  de¬ 
rived  from  the  High!,  path,  If  eome  Blsmentary  rules  of  aircraft  motion  are  taken  Into  account,  Thle  model  Is 
restricted  to  ordinary  manoouvrre  of  wing  aircraft  and  does  not  extend  to  rotorcrafl  or  land  and  sea  vehicles, 

The  experiments  with  the  ELRA  phased  array  Indicate,  that  this  procedure  yields  reliable  results  In  the  most 
cases.  Difficulties  arise  In  the  transition  stage  from  straight  fllgth  to  curved  flight  and  In  the  landing  phase, 
where  Irregular  motion  end  clutter  Inference  prevent  focussing. 


2.  MODRI,  OF  ORIENTATION 

In  tho  case  of  manoeuverlng  targets  vector  notation  teems  to  be  appropriate,  Consider  two  cartesian  coor¬ 
dinate  systems,  the  first  one  (s.y.z)  being  ground  fixed  with  It's  origin  In  tho  antennae  phase  center  end  the 
z-axls  directed  to  zenith,  the  second  one  Ix'.y'.z')  fixed  to  the  airplane  with  It's  origin  in  the  targets  center 
or  gravity  (Fig,  I). 

Tho  target  motion  In  six  degrees  of  freedom  Is  described  by  the  translational  Fait  R(t)  (motion  uf  the  center 
of  gravity  meaeured  In  the  radar  coordinate  system)  end  the  rotational  pnrt  given  by  an  orllinnormal  matrix 
Hit),  A  target  flxud  point  at  position  r'  (aircraft  coordinates)  Is  transformed  to  ground  coordinates  by 


r(t>»  Hit)  +  M(t)r' 


« 


Thu  only  reliable  Information  about  the  orientation  it)  given  by  the  target  track.  The  dynamic  behaviour  of 
the  aircraft  may  be  simplified  by  the  following  two  conditions  (Fig,  2): 


(I)  the  none  a f  the  airplane  always 

point!  In  the  direction  of  motion 

(ID  the  roll  entile  Is  determined  by 

the  component  of  the'  resulting 
nccoleratlon  vector  perpendicular 
to  the  motion  aula  (balance  of 

power) 

using  these  conditions,  the  matrix  Hit) 
can  be  expressed  by  Hit)  and  Its  first 
and  second  time  derivatives  R(t>  and  lilt), 
In  the  following,  the  scalar  product  Is 
denoted  by  the  vector  product  by  "a", 
the  transpose  or  a  matrix  or  vector  by 
and  obvious  time  dependencies  art 
omitted. 

With  1.  «  R  / 1 R  | 

g  ■  gravity  acceleration  vector 

I  ■  (H+il-UsUs-l'i+K) 

Ui  ■  a/|a|  , 

the  orientation  matrix  can  be  written  as 
M  *  (U>,U<  X  Ui.U.) 


condition  ( i )  condition  ( II I 


Vlg.S:  Orientation  modt! 

II.  IR AGING  KQUAT10NB 

If  an  eatlmate  it  of  the  translational  part  of  motion  Is  available,  the  motion  compensated  phase  history  of  one 
ecattorer  at  point  r1  Is  given  by 

*  -  -»3(  | R+Mr' |  - 1  k , 1  ■  -apt | R|  - 1 it |  +R'Mr7|  R|  I 

■  -ap|  t-u'r'), 

where  c  denotes  the  motion  compenietlon  error,  u  “  -UIR/|H,R|  the  unit  vector  In  target  coordinate!  pointing 
to  the  Bedar  and  P«lin/A  the  wave  number, 

A  Fourier  analysis  of  the  algnal  containing  the  component  a-expu«(t)l  will  give  an  response  at  the  momenta- 
neoua  Doppler  frequency 

n  *  -apt  +  ItBu'r' 


Imaging  axis  and  scale  are  determined  by  tho  first  time  derivative  of  the  unit  vector  u.  the  linear  part  of 
the  motion  compenutlon  error  caueoe  a  shift  of  the  epectrum,  The  length  of  the  Fourier  'ensform  window  - 
determining  the  reeolutlon  -  li  limited  by  the  nonlinearity  of  pheet,  that  means,  the  second  time  derivator  or 
c  end  u  During  the  Integretlon  time  the  phase  deviation  from  a  llnner  function  of  time  should  not  be  greater 
than  R/a,  In  practice,  the  contribution  of  the  motion  compensation  error  to  the  qutdrutlc  term  It  mors  sevtre 
than  the  contribution  of  II.  As  a  consequence,  a  better  estimation  of  the  flight  path  Is  more  Important  than  a 


reduction  of  nonllnearltle*  caused  by  the  rotation,  Thia  can,  for  Inatance,  be  achieved  by  nonequldlatant 
reatmpllni. 


4.  ESTIMATION  OP  PLIGHT  PATH  AND  MOTION  COMPENSATION  VIA  MIETH'8  ALGORITHM 

in  contratt  to  motion  eompenaatlon  technique*  which  take  their  Information  only  from  phaae  and  doppler  hl- 
itorlei  we  intended  to  relate  It  to  the  obiarvad  track,  in  this  way  It  |e  possible  to  gat  a  etmultaneou*  esti¬ 
mate  of  Imailm  axle  and  eoallni, 

Let  7,i*  Z(vat)  be  tho  iequence  of  complex  video  eamplea,  R(tu)  independent  poeltion  meaiurement*  taken  at 
the  time*  te,  If  a  Oauee-Markovlan  dynamic  flight  model  la  anumed,  an  appropriate  traok  eetlmate  baaed  on 
Rttel  le  liven  by  the  Mtuch-Tunt-StrUbil  algorithm  |tl  (Kalman  forward-backward-imocthlni),  The  iequence 
of  amoothed  etate  vectori  can  be  Interpolated  oontlnucualy  In  an  optimum  tone*  by  Nltth't  algorithm  |7|, 

If  the  vector  of  meaeured  data  le  extended  by  the  radial  velocity,  determined  by  the  mcmentaneoua  Doppler 
frequency  baled  on  epectral  analytic  of  tha  motion  compenaeted  iequence  2*,  the  accuracy  of  the  filtered 
flight  path  la  Increaied  by  a  high  deiree,  it  le  not  necaiiiry,  that  the  data  for  Doppler  anatyeti  are  taken  at 
central  tlmee  t»  forming  a  common  vectori  Inetead  of  thla,  the  two  ktnde  of  meeiureminti  can  be  timed 
independently  and  fed  Into  the  filter,  Tha  abianao  of  the  Juet  mining  component  haa  to  be  taken  Into  account 
by  aettlng  the  correapondlng  element*  of  the  Invera*  meaiurement  cnverlanc*  matrix  to  zero, 


6.  ADDITIONAL  TOOLS 
Removal  of  velocity  ambiguity, 

Since  the  PRF  uaed  In  the  experiment*  I*  rather  low  (600  He),  the  feedback  of  radial  velodtlea  haa  to  tako 
cart  of  tha  Dopplar  amblgultlaa.  Than  are  ramoved  by  the  following  procedural  1.  To  reduca  nolee,  the  com¬ 
plex  lampla*  are  imoothed  by  a  moving  window  adapted  to  tha  momentantoun  Doppler  frequency.  2.  Tha  phaie 
dlffarancte  or  auccaaalva  amoothed  data  are  trickad  beyond  tha  2n-llmlti  and  aummed  up  ("phuae  unwrap¬ 
ping").  a.  The  phiaa  Increment  over  the  recorded  time  Interval  la  compared  to  the  correapondlng  range  Incre¬ 
ment.  The  Integer  number  of  blind  veloeltlei  arc  computed,  which  hiva  to  be  added  to  the  unambiguous  Dopp¬ 
ler  aatlmatae, 


Estimation  of  vtrlinoaa 

The  track  rnter  needa  thi  meaaurlng  covariance  matrix,  which  contain*  position  and  valoclty  component*.  The 
varlancei  of  position  meaeuramant*  are  eatlmeted  elmply  by  >  line  fitting  ever  eeme  neighbouring  polnta.  The 
radial  velocity  variance!  are  let  equal  te  tha  resolution  cell  of  the  mementeneoualy  uaed  Doppler  filter 
lenath.  multiplied  by  e  fixed  factor  2  to  6.  with  regard  to  peaalbit  remaining  motion  compensation  errors. 


«.  COMPLETE  IMAGING  PROCEDURE 

Tha  off-line  processing  cf  the  recorded  data  la  done  In  aevernl  etope  (tee  rig.  3);  net  ell  detalle  are  dlacua- 
•ad  In  the  paper):  riret,  the  complex  offeet  for  each  sampla  aactlon  with  a  fixed  antenna  look  direction  le 
compeniated.  in  tha  next  step,  local  varlancaa  of  tha  poeltion  meaiurement*  are  animated  and  values  excee¬ 
ding  pre-deflned  tolerance*  are  ramoved,  A  first  flltarlng  la  dona  with  tha  track  mcaauramenta  only  (without 
phaa*  Information).  After  applying  a  phaae  unwrapping  procedure  described  In  section  6,  the  Doppler  ambiguity 
la  eliminated  by  etcrlng  the  integer  multiple!  of  blind  Velocity  for  each  point  of  meeauremant. 

Now  tha  iteration  bcglnn  By  aid  of  Mleth'e  Interpolation  formula,  the  contlnuoua  rango  history  Is  developed 
and  uaed  for  a  first  motion  compensation,  The  aectlona  of  tha  partitioned  compensated  echo  sequence  are 
Fourier  transformed  with  a  double  overlapping  Hemming  weighted  FFT  of  predefined  window  length. 

By  comparison  to  a  threshold  which  is  adjuatad  relative  to  the  maximum  spectral  power,  the  global  frequency 
band  occupied  by  tho  apectrum  of  the  motion  compensated  signal  la  determined,  A  low  peas  filtering  according 
to  thla  bandwidth,  followsd  by  Nyqulst  resampling,  raduces  tha  amount  of  data. 

Tha  motion  compensation  srror  apptira  In  tha  apactra  ua  a  temporal  variation  of  the  center  frequency.  De¬ 
pending  on  the  stage  of  resolution,  different  method*  for  the  estimation  of  tha  error  frequency  history  are 
chosem  At  the  first  ataga,  no  resolution  of  turgat  scattering  canters  1*  present  In  this  case,  the  center  fre¬ 
quency  it  sitlmated  n  weighted  mein,  If  aome  degree  of  resolution  hei  been  reached,  the  time  development  of 
error  frequency  li  determined  by  eearchlng  those  shifts  of  coneecutlve  ipectrs,  for  which  maximum  correlation! 
are  achlavtd.  According  to  experience,  e  correlation  or  threeholdud  logarithmic  values  yields  batter  result* 
than  correlation  of  power  ipactri. 

Tha  error  frequency  iequence  eervaa  as  an  animate  of  the  difference  between  true  radial  velocity  and  that 
radial  velocity  propoied  by  the  previous  motion  compensation,  The  latter  la  corrected  by  that  amount  and  fad 
back  to  tha  track  filter, 

In  tha  following  Iteration,  the  motion  compensation  la  performed  with  much  higher  accuracy,  alnce  the  track 
filter  It  fed  with  high  precision  radial  valoclty  values.  Accordingly,  quadratic  and  higher  order  phaae  error 
terms  art  reduced  and  the  Fourier  time  bate  can  ba  Increased  without  spectral  blurring  effects.  Because  or 
the  higher  spectral  resolution  the  following  error  eitlmate  Is  mors  precise  than  the  previous  one,  such  that  a 
new  track  filtering  la  worth  while. 

Tha  procaaa  la  stopped,  when  no  further  focussing  Is  possible,  Thla  la  the  caaa,  If  tha  Fourier  resolution  cell 
bocemee  smaller  than  the  remaining  fait  varying  part  of  the  motion  compensation  srror. 


At  this  stags,  the  estimate  of  the  flight  path  has  rsachsd  Its  maximum  accuracy.  According  to  the  orientation 
and  Imaging  equation*  (sections  3  and  o)  the  momentaneous  Imaging  axis  and  scaling  factor  are  calculated  for 
each  ISAR  Image 


position 


ISAH  processing 


7,  EXPERIMENTAL  RtgULTI 

The  experimental  Investigation  In  this  Rind  or  IIAK-procneeln*  was  done  with  the  ELRA  phased  array  radar  at 
Werthhoven,  FRO,  ELRA  (experimental  electronically  steerable  gedar)  operate!  at  a  wavelength  of  1 1  cm  (S- 
band)  at  a  maximum  bandwidth  of  1  MHi,  Tht  btam  direction  Is  stearid  by  a  bit  phase  shifters,  which  are 
controlled  by  a  phase  calculator,  Bum  and  difference  beame  are  available  as  digital  10  bit  l  and  <)  video  si¬ 
gnals,  For  a  detailed  deeorlptlon  eee  III,  |g|, 


The  recording  la  dona  In  tna  following  manner:  flrat,  BLR  A  la  operated  In  the  oenrch  mode  only  tio  piec  pul¬ 
ses),  If  tha  search  results  Indicate  a  promising  target,  the  ISAS  mode  Is  switched  on,  In  thin  mode,  a  conti¬ 
nuous  sequence  of  1  psoe  pulses  It  transmitted  at  a  flsod  I'RP  of  600  II?..  Simultaneously,  the  antenna  gets 
ovary  0.1  to  0.2  sec  a  new  steering  command  In  order  tn  track  the  target.  Now  the  echo  sequence  within  a 
range  window  centered  at  the  maximum  ruaponeo  can  do  atorod  together  with  the  position  finding  results  In  a 
RAM  memory.  When  this  Is  full  (after  about  10  minutes),  tho  data  can  ho  transferred  Lo  tape,  which  la  ex¬ 
ploited  later  by  a  OKI. 


#Y|.di  Raw  truck 

Pig.  4  shows  tha  raw  iraek  (without  any  fllttirlngl  of  a  rapaatad  approach  to  the  Cologne  airport.  This  target 
of  opportunity  was  found  out  to  bo  a  Boeing  ?Q?  The  flight  path  (moan  distance  ca.  00  km)  consists  of  many 
straight  and  curved  sections  presenting  a  variety  of  different  aspect  anglea  and  Imaging  vecturs, 

Aftar  the  flrat  motion  compensation  a  aaquanco  of  Doppler  spectra  la  obtained,  more  or  less  centered  at  xoro 
frequency  (fig.  a).  The  reeolutlon  le  not  yet  sufficient  to  get  a  reflectivity  structure  or  the  target,  on  the 
other  hand,  the  Doppler  signature  consisting  of  a  spectrum  or  turbine  frequencies,  comes  forwurd  quite  well. 
In  tha  next  Iteration  thaae  raaponaea,  which  don't  belong  to  the  target  motion  Induced  relative  Doppler,  will 
be  filtered  out  by  a  digital  low  paaa. 

After  some  Iteration!  (2  to  4)  tho  final  resolution  Is  achieved  (fig,  9).  Normally,  wo  obtain  a  rnsolutlon  cell 
of  1  *o  2  meters  depending  on  distance  and  signal  to  noise  ratio,  In  fig,  a  the  resolution  Is  about  1  meter, 

Due  to  the  model  of  orientation,  aspect  vector,  Imaging  salt  and  scale  are  computed  for  each  ISAR-lmage.  This 
Information  glvta  a  baala  for  computor  drawings  of  the  aircraft  from  the  right  viewpoint  with  the  correct  sca¬ 
ling,  These  drawings  are  euperpoaed  to  the  IBAA-algnaturea  In  order  to  recover  scattering  parts  causing  spe¬ 
cial  responses. 

dines  tha  accuracy  of  range  history  was  Increased  In  tha  course  of  iteration  hy  a  high  degree,  the  track 
accuracy  after  the  last  filtering  le  much  better  than  In  the  beginning,  which  la  shown  In  fig.  ?  at  a  processed 
part  of  the  flight  p.-xth, 

Dua  to  the  variety  or  flight  manoauvers  given  by  the  track  In  fig,  4,  It  was  possible  to  compart  different  il- 
tuatlone,  where  atpeet  and  Imaging  vectori  of  the  lame  direction  premia*  similar  ISAM -plot*  At  a  teat  or  re¬ 
liability,  In  fig.  s  two  such  situations  are  opposed.  The  two  parts  of  tha  flight  path  have  In  common,  that  the 
forward  edge  of  the  radar  nearer  elevator  panes  ths  direction  orthogonal  to  the  line  of  light  at  tho  corner  or 
Integration  time.  If  this  edge  Is  assumed  to  be  a  linear  uniform  reflector,  the  tlmu  bvhavtour  of  the  eohoe 
should  be  Ilka  a  ain  x/x.  In  the  frequency  (Image)  region  a  rectangular  response  with  geometrical  correspon- 


donee  to  the  projected  elevator  edge  ihould  be  obecrved,  Apart  from  mme  ripple,  which  l>  Induced  probably  by 
the  finite  time  window,  a  certain  agreement  with  the  expected  pattern  can  be  etamd. 
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MKt!  Happier  spectrum  it/tur  rim  motion  aimponeHtlun 


Hy  tho  right,  aide  of  eome  ISAH-plole  In  fig.  a  nddltlomtl  framed  plot  a  are  mounted  for  cnniparlaon.  Those  are 
roaultfl  achieved  by  the  PKL-TNO,  Tho  Hague,  Netherlands  with  the  p'lJCAl  phaaod  army,  using  att  lumping 
procedure,  which  takea  Into  account  ellgth  virlatloni  from  a  itrulght  tine  flight  by  polynomial  ruling  |m|. 
Tho  aircraft  ea»  alee  a  Boeing  707,  obeerved  at  tho  eame  aulmuth  aapect  angle  but  at  a  different  wavelength 
during  a  different  flight  manoeuver 


B.  CONCLUSIONS 

We  Introduced  a  technique  of  motion  compeneatlon  eultable  for  the  generation  of  ID-IBAR  plot!  of  alrcrafti. 
The  experimental  reiulta  with  tho  ELRA  phaeed  array  Indicated  that  thla  procedure  yield!  reliable  reeulta  In 
tho  case  of  airliners  on  atrnlght  and  curved  flight  patha.  Military  target!  wore  not  obaorved, 

The  computation  waa  done  off-line  taking  a  procoialng  tltno  of  eome  houra  pi"  minute  recorded  data.  Ne- 
veriheleaa,  It  aeetna  poealble  to  organize  tho  procoaalng  achemo  in  a  pipelined  manner  to  got  a  queal  on-line 
Image  generation. 

ID-IBAR  Imagaa  cohtalh  at  lout  the  Information  about  tha  target  dlmenalonai  beyond  that,  a  faw  etrong 
acattorere  may  bo  recovered,  A  aaquanca  of  18AR  plota  at  different  aapect  angle!  allowa  to  Identify  atable 
ecetterera  and  to  eliminate  artifact!.  In  thla  way,  1D-I8AR  could  aarva  together  with  other  Information  aa  a 
claaelflcatlon  tool  for  radara  without  high  ranga  raaolution  capability. 
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fig  tf:  #Vn«f  ISAR-phtu 


Fit.  7:  final  flight  path  oatimala 
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DISCUSSION 


J,  Durey 

I  ihlnk  ihui  Fourlcr-Prcanol  Irnnxldrmx  would  lie  hetter  thnii  FKI'+Knlmun  Altering,  Wlmt  lx  your  opinion? 

Aulllcir'x  Reply 

I  iipree  with  you,  ilml  these  melhodx  xhould  he  Investigated.  Neverthclew,  ll  will  oellher  nehleve  n  eonipenxiition  of 
pluiae  lerntx  of  higher  limn  xeeoml  order,  oellher  will  It  eomrllnilelo  ait  neeuniie  exilnmieol'iixpeel,  Inuiging  nxlx  mid 
Neale, 
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This  paper  describes  target  imaging  baaad  on  ISAR  techniques,  It  aonaiata  of  two  partat  theoretical 
topioa  and  experimental  vaults,  Tha  former  iiluatrataa  the  a"ite  of  prectaaing  funotiona  needed  to  obtain 
the  target  image  starting  from  the  radar  eahoaa,  Key  proaesring  steps  include  motion  compensation  end 
reconstruction  of  the  reflectivity  funation,  The  second  part  of  the  paper  iluuatrates  an  experimental  set¬ 
up  baaed  on  «  ourxentiy  available  tracking  radar,  a  data  recorder  and  off-line  processing  facilities.  A 
high  cross-tanga  resolution  image  of  a  MB-339  airoraft  has  bien  obtained  by  processing  recorded  radar 
•d hoaa  from  a  Selenla  X-band  tracking  radar. 


1 ,  INTRODUCTION 


In  this  paper  a  radar  imaging  technique  baaed  on  the  spatially  oeharent  processing  of  radar  return* 
will  be  described  /l, 2/.  Thie  taohnlqua  is  well  established  in  literature  and,  in  some  Sanaa,  has  many 
aimilaritlea  with  other  imaging  techniques  such  aa  spotlight  SAA,  image  reconstruction  from  projections, 
etc.  The  technique  considered  in  this  paper  la  generally  referred  to  as  1SAH  (inverse  Synthetic  Aperture 
Mdar),  A  high  resolution  imaga  of  radar  target  is  obtained  by  coherently  processing  echoaa  relative  to 
different  aspects  radar-target , 

In  the  first  section  of  this  paper  the  theoretical  baaea  !\i  of  the  imaging  technique  will  be 
described.  I  BAA  processing  consists  of  baseband  conversion,  motion  compensation,  and  tha  reconstruction  of 
the  reflectivity  function.  The  last  atep  ia  performed  by  means  of  an  Inverse  rourier  Transform  of  tha 
motion  compensated  signal,  It.  will  be  noted,  in  particular,  that  tha  depth  of  field  of  the  reconstructed 
image  depends  on  the  couple  ol  coordinates  (X,Y)  employed  to  represent  the  motion-oompenaated  signal. 

Tha  second  part  of  tha  paper  describes  an  experimental  aat-up  baaed  on  a  currently  available  tracking 
radar,  a  data  reoordar,  and  off-line  processing  facilities.  A  cross-range  high  resolution  image  of  an  Mk- 
333  aircraft  has  bean  obtained  by  processing  the  recorded  echoes  from  Saienia  X-band  tracking  radar,  from 
the  reconstructed  profile  it  has  bean  possible  to  obtain  a  tough  estimate  of  target  extension  on  tha  croae- 
range  dimension,  finally,  a  reliable  estimate  of  the  radial  ard  tangential  componenta  of  target  velocity 
have  bean  obtained  by  the  motion  compensation  algorithm. 


2.  THEORETICAL  TOPICS 

In  the  J5AM  system  considered  in  thie  paper,  (fig.  1),  the  radar  ia  located  in  the  origin  o  of  the 
reference  axes  (T),  The  target  la  represented  aa  a  bidimensicnal  object  which  moves  in  the  plane  The 
i  reference  coordinates  xy ,  with  origin  in  T,  are  fixed  to  the  target.  The  transmitted  and  received  signals 
a,, ft)  and  Sftlb)  are  expressed  in  their  analytical  formal 

sT(t)  -  Aj  (t)  ‘exp(  jJftftl  (U 

■ft (t)  ■  Aa(t) >exp| jjRft}  (2) 

where  Aj  (t)  end  x2(ti  are  bsndlimibed  aignala.  It  will  be  assumed  that  the  transmitted  signal  Is  one  u t 
the  waveforms  typically  employed  in  radar  applications,  i.e.i  the  monoorometio  pulae  or  chirp,  initially 
the  tranemiaaion  of  a  nontnucua  waveform  will  be  considered,  Tha  expression  of  *R(t)  la  obtained  from  aT(t) 
assuming  that  the  elect romaynatic  ptepertiee  of  the  target  oan  be  described  by  a  complex  function  f(x,y), 
defined  on  the  coordinates  xy  of  the  target.  Signal  aR  ia  then  dnwn  converted,  motion  compensated,  and 
expressed  in  funotion  of  a  suitable  couple  of  variabla  XY.  The  motion  compensated  signal  a  V*  tx«T)  ia  well 
approximated  by  the  bidimensional  rourier  Transform  of  f(x,y).  The  reflectivity  fund  ion,  that  ia  tha 
target  image,  oan  then  be  reocnattuctwd  by  means  of  an  Inverse  rourier  Transform  of  x'|,Mx,Y) 

2.1  THE  SCATTERING  MODEL 

The  scattering  model  la  baaed  on  the  phiaioal  and  geometrical  diffraction  theory.  Thie  model  refera 
to  the  notion  of  ideal  point  acatterera,  equivalent  acatterera,  and  the  reflectivity  funotion  /l, 3,4,5/. 
The  point  snatterera  ere  corners,  edges,  and,  in  genaral,  pitta  of  the  targets  whose  bending  radius  ia 
smaller  than  the  wavelength.  Tor  an  aircraft  thsos  parts  may  be  the  edges  of  the  wings,  of  the  impenaye,  or 
the  noae< 

Referring  to  fig.  2,  the  ideal  1-th  point  acatterer  with  coordinated  (Mj,y|)  ia  wuoh  that  tha 
reotivod  signal  «Bi  ia  related  to  tha  transmitted  algnal  sT  aa  follows! 

“  Ai  ‘  #T 


where  ia  the  complex  reflectivity  of  the  i-th  acatterer  and  ia  the  propagation  delay,  given  byi 


(3) 


(4) 


M-2 


o  in  the  light  apeod  and  R(H1.yi)  in  target,  targe. 

When  the  point  reflector  la  in  motion,  Eq.  (3)  becomes  i 

•Rl(t)  •  Al'aTtfc-t1<fc)l  (5) 

where  ^  (t)  is  well  approximated  by  /6/i 

tt(t)  •  £  R(6,*t,yjl  (61 

When  the  target  oonsieta  of  ■  collection  of  ideal  point  scatterers,  it  ia  very  tempting  to  deetui.be 
the  received  signal  sR(t)  as  a  superposition  of  the  nontrihuua  ■£  ell  Lhe  acatterers i 

s-{t)  -  £  Ai  (t)  ]  (7) 

n  iml  * 

whr-e  is  the  number  of  soatterere,  This  representation  ignores,  however,  the  interactions  that  exist 
between  acatterers.  rheas  interactions  give  rise  to  multiple  scattering  and  masking.  These  effects  are  vety 
sensitive  to  the  angle  of  Arrival  of  incident  wave.  To  overcome  these  difficulties,  it  will  be  Assumed  that 
the  acatterers  jppearing  in  Eq,  (7)  are  an  equivalent  set  such  that  this  expression  ia  a  good  approximation 
of  the  reaeivnd  signal,  Tha  equivalent  set  is  also  comprehensive  of  all  the  system  parameters  that  are 
involved  in  scattering.  These  parameters  ere  typically  the  wavelength,  the  polarisation,  and  the  angle  of 
incidence  of  the  transmitted  waveform,  in  practise  the  value  assumed  by  the  latest  parameter  depends  on 
time,  as  the  target  ia  generally  in  motion,  This  fact,  would  ask,  in  theory,  for  a  time  varying  modal  of 
scattering,  According  to  this  model,  the  reflectivity  coefficients  A^,  or  the  aoorriinitee  (x^y^)  ohouLd  be 
time  dependent.  In  many  applications,  like  that  considered  in  the  next  eeotiun,  the  variation  of  aspect 
angle  ia  limited  to  few  degrees,  tn  this  case  baakaoattrring  can  be  described  by  Kq,  (7), 

Eq.  (?}  may  be  generalised  to  a  continuous  distribution  of  acatterers  aai 


■ft***  - 


tl 


A 


t  (x,y) ■ eT(t-t(t, a, y) 1  dxdy 


{0) 


where  f(x,y}  ia  the  complex  reflectivity  function  defined  over  the  target  relative  to  a  ant  of  coordinates 
xy  fixed  to  the  target,  f(t,x»y)  ia  the  propagation  delay  relative  to  point.  (x,y).  A  ia  lndloativeiy  the 
target  domain  extension,  The  reflectivity  function,  relative  to  the  equivalent  ret  of  point  reflectors,  .is 
given  byi 


f(x.y) 


"d 

X  A,  fllx-x,) 'Biy-y, ) 
!■! 


(9) 


In  general,  w«  can  observe  that i 

•  the  way  of  associating  f(x,y)  with  tho  phiaicsi  and  geometrical  character lat lea  of  the  dlatt ibulted 
target  is  not  simple,  in  particular  the  domain  A  uova  not  coincide  necessarily  with  target  domain 
extension. 

-  f (sc# y )  depends  on  paramotnia  suoh  as  frequency,  polarisation  and  on  aspect  angle  of  incident  wave. 


2,2  SIGNAL  PROCESSING 


With  refereriae  to  fig.  1  indicate  wlths  hit)  the  distance  of  point  T  from  target,  tp  the  angle  between 
tho  radial  direction  OT  and  the  (  axle,  f*  the  angle  between  the  axes  (  and  x.  The  position  or  target  on  the 
plane  \r\  ie  determined  by  ip,  0  and  ft,  Axes  u,v  are  aliynud  respectively  with  cross-range  and  range 
direction*, 

Suppose  the  radar  tranamits  a  continuous  wave  with  frequency  Cl 

sTjt,f)  -  exp  ( j2itft)  (10) 

By  substitution  of  Kq,  (10)  into  Bq.  (ill,  and  approximating  range  delay  t(t,x,y)  by  meana  of  Bq,  (6),  tho 
received  signal  eR(t,f)  becjmeai 


»R(t , f )  «  exp ( J2uft) 


l  I  t (x,y) -expt-j 

A 


R(t,x,  y|  I  tlxdy 


(111 


where  R|t,x,y)  ia  the  dletanee  of  point  Mx,y)  from  radar  at  time  t,  In  particular  0, 0)  is  th« 

distance  of  reference  point  T  from  radar. 

The  baseband  converted  signal  s'(t,f)  la  obtained  by  down  mixing  the  signal  sH(t,f)  with  a  coherent 
local  oscillator  with  frequency  fi 


a^(t,f)  -  aR(t,  f) 'exp(-j2Rf- )  -  /  j  f  In,  y)  •  exp[  -  j<p(t,  x,  y)  |  dxdy 

where i 


(12) 


«pit,x,y)  -  ^BJL  [ft  (t ,  x ,  y)  | 


(13) 


ia  the  phase  hietoty  telativn  to  the  point  P{x,y), 
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Motion  compensation  r,on»iata  in  removing  tha  phase  relative  to  *  point  fixed  to  the  target  from  the 
phase  of  aignal  »j  ,  It  can  be  supposed,  without  loss  of  general itlefl ,  that,  the  reference  point  coincides 
with  T.  Motion  compensated  signal  is  then  given  by: 

ay  (t,f)  -  a  ^  (t,  f )  ■axpljip(t) )  (MJ 

where  cp < t j «<p(t, 0, 0)  ia  the  phase  history  relative  to  referenca  point,  Ky  substitution  of  Bq,  (12)  in  Bq, 
(HI,  signal  «•  is  expressed  asi 


•  •  J  j  f  (K,y) -aapt-jip"  <t,x,y) )  dxdy  (18) 

whs rat 

q>"lt,K,yl-  IR(t,«(y)-R(tH  (Hi 

Motion  compensation  rsquirss  a  prsoiao  tracking  of  son's  rsfater.ee  point  fixed  to  target,  However  tha 
ttandard  dsviation  of  tha  aatimats  error  of  targat  ranga  must  ba  of  tha  ordar  of  ona  wavelength,  in  order 
to  obtain  a  satisfactory  reconstruction  of  targat  raflaotivity ,  Aa  this  goal  is  difficult  to  aehiava  in 
practical  ayatama,  an  altarnata  approach  muat  ba  daviasd.  in  /?/  a  taohniqua  which  gives  •  paramatrio 
•stimata  of  tha  phaaa  of  reference  point  has  bean  proposed,  Motion  parameters  have  baan  aatimatad  directly 
from  raoaivad  signal  by  maximiastion  of  a  suitable  correlation  function,  As  this  maximisation  gives  tha 
fooui  of  rafaranoe  point,  this  taohniqua  is  taferred  to  as  aueofoouaing,  In  /B /  suoh  taohniqua  hss  baan 
applied  in  tha  hypothesis  of  straight  line  motion,  In  this  case  motion  parameter#  have  bean  estimated  by 
means  of  an  offiuient  iterative  algorithm, 

to  understand  the  importance  of  motion  compensation  in  IJAM  processing,  compere  expressions  <131  end 
(18),  Though  analogous  in  tha  form,  they  are  quite  different  in  substance,  in  fact,  while  tha  former 
depends  functionally  on  absolute  phene  </i(t,x,y)  of  point  P,  tha  latter  depends  on  (p*  *  It, x,y)»(p(t,x, y) -git) , 
which  is  how  tha  phase  of  point  P  but  relative  to  tha  reference  point  T(0,0).  Aa  target  niie  ie  negligible 
compared  to  targat  ranga,  the  condition  igl,|<<IBI  ia  practically  verified,  in  general  ip1’  can  ba 
approximated  by  tha  following  bilinear  formi 

g1 1  B  xX  ►  yY  (171 

where  IX,  Y)  ia  a  couple  of  variables  obtained  by  tha  coupln  (tf)  thru  a  proper  transformation  Ti 
(t,  f )  -*  (X,  Y| ,  Approximation  (17)  is  supposed  verified  for  {x,y)tA  and  (X,Y)aD,  whar«  h  Is  tha  auppcrtlng 
domain  of  a  y  on  plana  XY, 

By  aubatitution  of  Bq  (17)  Into  icq  (15),  signal  a  V  l*  now  «PP*oximetad  by  tha  bidimanaiunal  Bnurlar 
Transform  of  f (x,y),  i.e, i 

■  y  IX# »|  a  i  I  ( (x,  yj  ‘expt*j  (xX*yY)  I  dxdy  <m 


Kq.  (  18)  represents  tha  beslo  result  of  f JAM  technique  and,  for  this  reason,  ia  called  imaging  equation, 
The  reflectivity  function  mey  be  reconstructed  by  means  of  ait  Inverse  Fourier  Transform  of  s  y  ( X , y )  ; 


f(«,yl  -  SJ  a  V  IX,V>'iKp[jl„X,y1f>l  dxd*  (191 


where  f(x,y)  Is  tha  reoonabruoted  reflectivity  funjbion, 

The  resolution  properties  of  reconstructed  image  depend  on  the  extension  of  domain  0,  whion  ia 
essentially  related  to  traaklng  angle  and  to  bandwidth  available  In  the  reoaived  aignal. 

furthermore  wa  note  that  approximations  given  by  Kqs,  (17)  and  (18)  are  generally  verified  on  a 
bounded  domain  on  plana  (XV),  In  thia  domain  tha  reflectivity  function,  raaonstruatad  by  meant  of  Bq.  I1B), 
will  ba  well  localised,  Tha  extension  of  thia  domain,  which  defines  tha  depth  of  field  of  reconstructed 
image,  depanda  on  tha  particular  couple  XV  employed  to  raprueent  aignal  a  V  •  >)apth  of  field  has  bean 
evaluated  /9- 12 /  for  two  typical  representations  of  signal  s  V  *r"  commonly  refereed  to  as 

rectangular  and  polar  format  of  data,  m  the  first  d««e  samples  of  signsl  m,'  era  available  on  a 

rectangular  grid  on  plana  XY,  Samples  of  f (x,y)  may  be  than  efficiently  obtained  by  mains  of  a 
bidimaniionel  trri  (inverse  rast  Youriei  Transform)  of  s  y  samples,  The  taotangular  format  ie  considered 
whan  target  motion  is  straight,  in  this  ossa  t>«  depth  of  field  may  bn  adequate  to  represent  small  tercets 
(like  misoiles  or  small  aircrafts},  in  tha  polar  format  tha  s  V  samples  are  rsprasintad  >>n  a  polar  grid  of 
plana  XY,  thus  preventing  from  the  direct  application  of  tha  ifTT  algorithm  to  recover  reflectivity 
function,  Therefore,  some  interpolation  algorithms  prior  to  tha  inverse  traneform  are  needed  to  obtain  the 
samples  on  a  Cartesian  grid  /ID/,  The  depth  of  field  associated  to  polar  format  is  practioally  adequate  for 
all  typical  1BAR  applications,  Pcisr  format  will  be  analysed  in  detail  in  the  next  paragraph, 

2,3  THB  POUR  roRHAt 

In  this  paragraph  it  will  be  shown  that  polar  format  derives  directly  from  straight  iso-range 
approximation, 

Nlth  reference  to  fig,  3,  indicate  with  <u,v)  the  coordinates  of  the  point  P  in  the  reference 
coordinates  (u,v),  The  distance  of  P  from  the  radar  ia i 

Hit,  u,  v)  »  ((R(t)+v»a+ua!WB  (20) 


(21) 


As  target-,  else  ia  small  compared  to  target  range,  R(t,u,v>  may  be  approximated  byt 
H (t , u, v)  n  R(t)  f  v 


.15*4 


The  error  iyfMt, u,v) -(h(t}+v)  aascwlated  to  the  above  approximation  is  given  by: 
u2 

f  m  —  -  (22) 

R  R  (t  ,  U ,  V)  rp  (t  )  *V  ' 

This  error  vanishes  wht.n  target  range  approaches  to  infinity.  According  to  approximation  (22),  the  carved 
iau-tJngm  contour. i  of  fig.  3  ate  considered  straight  for  a  limited  region  in  u  dimension, 

ay  substitution  of  Eq.  (21)  in  Eq.  (16)  the  phase  <p» 1  is  well  approximated  byt 

?■'  «  iat  tf  ,S3> 


Cordinatea  u,v  ate  related  to  coordinates  xy  by  the  following  relations: 

u  •  y  cas(A)  -  x*  ein(6)  (24) 

v  -  x'  iirt(®>  +  y*  coiifi)  (25) 

where  is  the  angle  between  ax  s  x  and  v.  it  defines  the  orientation  of  target  with  respect  to  radar. 

After  substitution  of  Eq.  (25)  in  Eq.  (23),  the  latter  may  be  expreased  in  the  bilinear  form  (17) ,  if 
var  .ablea  (X,Y1  are  related  to  variables  (t,f)  by: 


X  -  *54.  Ooi(«) 

Y  ■  4lX-  8in(8) 

n 


(26) 


where  X  and  Y  depend  on  time  through  A.  By  meins  of  transformation  TJf  the  signal  s  V  ‘  Available  on  a 
rectangular  domain  D  of  plane  if,  is  represented  on  a  polar  domain  of  the  plane  XY, 

2. 4  T-YSTEM  RESOLUTION 


Thv  reconstructed  reflectivity  function  f  m«.y  bo  considered  tho  rosponso  of  a  linear  ny.itmn  to  the 
reflectivity  function. 

f  (x,  y )  -  r[f  U,y)J  (27) 

tmpvl  a.  i.»f.oni.  h  («,  y,  «0,  y„)  of  r  lb  th.  loconatruotud  im.g.  of  •  point  t.fiootot  loo.tbd  in  Pl»0,y0l, 
This  >M|»nN  m»y  hn  aially  otitalh.d  t.y  p.|j  .  15,  16,  15  uftur  >uh.tltutin«  In  tin  fulmni  f  |«,  y|  4  (y- 

y„)  • 


I,  IK,  y,  x0,  y„)  .  /  J  o«p|-J*"  (X,Y,K0,y0)  !•««,,!  JUXtyJl  |.!XdY  (jB) 

D 

where  <p*  '  (X,  Y,  x0. y„>  is  the  mo.  Ion -compensated  phase  relative  to  point  (>*niy0)  arui  expressed  by  rwatiM  o( 
varir.blus  (X,  Y)  . 

Jt  will  be  now  asaymoH  that  the  mot  ion-compeim  v„ed  phase  «P'  ‘  may  bn  exactly  expressed  In  the  blllneat 
rorm  (17).  in  this  esse  }'  in  a  space  invariant  transformation  wh-  pulse  tespotise  w(x,',  )  Is  given  by: 


w(x,y)  -  /  \  exp( j  (xX+yY) ldXdY 

n 


f(x,Y)  can  bu  thwn  expressed  as  a  bidimenslonal  convolution  of  t(x,y)  and  w(x,y): 
f  (x,y)  ■  t  (x,y)o  w(xry) 


w(x,y>  is  typically  the  shape  of  a  lobe  centered  In  point  P(0,0).  The  width  of  this  lobe  in  a  certain 
diiff'.LU-ti  gives  the  resolution  attainable  in  the  samo  direction.  it„m  Kq.  (29)  t*  can  ho  deduced  that 
system  resolution  depends  on  the  shape  of  domain  0  In  which  signal 

Impulse  response  will  be  now  evaluated  for  some  typical  lunar n 
represfeiitatloh  of  data. 


is  iept nsunted, 
or  windows,  obtain* 


with  the  poiat 


When  the  transmitted  signal  is  mono: -omat lc,  the  window  Is  tho  arc  of  circle  shown  in  fig.  l.  The  arc 
aperture  in  given  by  the  variation  of  *he  aspect  angle  6"<p-i>  durinq  the  observation  time,  r,  r  a  pure 
rot «t Iona  1  and  traslatlonal  motion  of  target  this  variation  In  due  to  a  variation  respectively  of  fl  and  m. 
The  window  obtained  by  means  of  u  finite  number  of  frequencies  fc  Is  reported  In  fig.  The  arc  radius 
relative  ‘■o  the  i-th  frequency  is  given  by  4nfj/c.  T.iw  window  relative  to  s  continuous  frequency  bnndwluth 
is  11  lust.*  .ted  in  fig.  6. 


The  ImpUiBM  response  by  a  trend  story  motion  will  be  now  ^valuator),  Thi  geometry  of  t  M  i,  motion, 
(fig.  7>,  ims  been  derived  from  fig.  1  assuming  ihaL  the  nxia  trisects  tho  angle  describe.)  by  the  segment. 
OT  daring  the  observation  timo  '♦’g.  furthermore  *-h*  coordinate  system  xy  1  a  now  parallel  t.o  uysLem  ^t) , 


juppooe  a  larj«  bandwidth  is  transmitted  in  this  case  the  motion  compensated  signal  is 

represented,  by  Means  cl  Eq.  (26),  in  the  annular  region  of  plan#  XY  iflg.  8),  This  win  low  is  approximated 
by  t  ho  ic-tanguldt  window: 


w_  - 


1  f 

0  « 


for  |XI  SXR  and  Y^Y  S  Ya 


Y5“Y  +Y  ,  Y  «4icf_/c,  and: 
2  c  a r  c  m  ' 


b  and  fm  arc  respectively  tha  medium  band  frtqueno:  and  the  aval  labia  bandwidth. 

Impulse  raapor.aa  wr,  (fig,  9),  is  than  given  by: 

x.f.  4nf- 

-  ^a*p(j-^  y><ainc<X,-*>'iind<Vy>  04) 

Raaoiutioni  r„,  (oroaa-ranga) ,  and  ry,  (down-range) ,  ara  dwttminad  by  tha  occurrence  of  tha  first  taro  in 
tha  sino  functioni 


■k  «36» 

These  resolutions  correspond  approximat ively  to  >4  dB  mainloba  width  of  ainc  function. 

It  will  be  now  assumed  that  tha  aignal  s'R*  is  uniformly  sampled  in  both  time  and  frequenay 

dimenaions.  In  this  case  the  samples  of  a*H'  are  represented  on  the  polar  grid  of  fig,  10.  These  samples  ara 

than  suitably  interpolated  /1 3/  on  a  raotangular  grid  of  plana  XY,  (fig.  11).  Samples  of  reconstructed 
reflectivity  funotion  are  then  obtained  by  means  of  an  irrr  of  interpolated  samples. 

In  tha  discrete  aase  impuls*.  response  w*  ia  well  approximated  by  i 


<*»y>  *  «*pU  * 


sin(Ya«y) 

Y. 

aln(  “  y) 


In  this  caaa  aystam  raaoiutioni  era  itill  given  by  Eqa.  (33),  (36).  Furthermore  the  number  N  and  M  of 
samples,  acquired  respectively  in  crose-range  and  down  range  dimensions,  mutt  satisfy  the  following 

conditions: 

C„  -  N •  r R  2L„  (3B) 

Cy  -  M-ry  2  Ly  (39) 

where  Lx  ed  Ly  are  target  axtanaiona,  respectively  in  cross-range  and  down-range.  Assuming  rx**ry''l  ro, 
Ljj-Ly-50  mf  conditions  (51)  and  (52)  arn  verified  respectively  when  N250  and  M250. 

It  can  be  observed  that  a  good  oross-range  resolution  may  be  achiavod  with  a  relatively  small  value 
of  observation  angle  0^,  When  \-3  cm,  fl#^“l0,  it  gives,  for  ietanoe,  a  arosa-range  resolution  rR<l  m.  The 
observation  time  necessary  to  describe  this  angle  depends,  in  general,  on  target  motion.  Assuming  that 
target  range  Ro-10  Km  and  target  velocity  v4»200  m/s,  an  observation  time  T0-l  a  is  sufficient  to  obtain  a 
processing  angle 

Among  translational  motions,  the  rectilinear  end  uniform  ones  represent  a  good  approximation  of  real 
target  motion. 

2,5  ANALYSIS  0/  TRANSMITTED  SIGNAL 

System  resolution  ia  strictly  related  to  the  extension  D  of  tha  domain  where  motion  compensated 
signal  •  is  represented,  in  the  previous  chapter  we  saw  that  this  domain  coincides  with  an  ato  when  the 
transmitted  signal  is  monocromatic-  More  complex  domains  may  be  obtained  gathering  the  informative  content 
given  by  different  frequencies.  The  name  domains  may  be  obtained  by  means  of  a  large  bandwidth  signal.  In 
this  case  it  must  be  proved,  however,  thst  the  received  aignal,  suitably  acquired  and  processed,  may  be 
expressed  in  the  form  (19).  This  has  been  proved  /l/  for  the  following  typical  signals  t  inonocromatic  pulse, 
multifrequential  pulse,  burst  of  monocromatic  pulses,  and  chirp. 


3  EXPERIMENTAL  RESULTS 

The  feaslbilty  of  technique  described  in  section  2  has  been  verified  by  an  imaging  experiment 
performed  with  a  conventional  tracking  radar  /14,lb/.  The  radar  echoes  have  been  acquired  by  means  of  a 
general  purpose  setting-up.  A  high  resolution  image  of  the  MB  339  aircraft  has  been  obtained  by  off-line 
processing  the  stored  echoes. 

3.1  THE  EXPERIMENTAL  SET-UP 

The  sensor  employed  in  the  experiment  was  a  X-band  tracking  radar  of  flelenla.  Radar  echoes  were 
acquired  by  means  of  a  general  purpose  netting  up  while  the  aircraft  was  flying  a  pre-programmed  path.  Tha 
acquisition  set-up  Is  shown  in  fig.  12.  According  to  flight  plan,  the  aircraft  was  expected  to  fly  the 


•tralght  path  AB  with  uniform  spead  va**130-150  m/a*g.  Both  i«ngth  of  ttajeotoxy  AB  and  distance  RQ  ara 
about  10  Km,  Whan  trajectory  ia  run  along,  tha  aircraft  turns,  fiiaa  baok  along  tha  aama  trajectory,  and  ao 
on  for  about  IS  times,  Radar  PRT  ia  staggered  with  a  main  value  of  260  pa.  The  baseband  converted  echoes 
ara  acquired  by  tha  W,R.  (Waveform  Recorder)  HP  5180A.  Tha  W.R,  works  in  tha  following  way;  tha  input 
signal  ia  aamplad  with  tha  clock  {internal  or  extarnai)  fcaquancy.  Whan  a  trigger  {internal  or  external) 
ia  present  at  input,  each  sample  ia  stored  sequentially  into  a  record  aa  a  ten  bit  word.  The  capability  of 
the  record  may  be  aet  up  to  one  of  the  following  values;  512,  1  K,  2  K,  4  K,  16  K  words,  bate  recording 
ends  when  the  record  ia  full.  At  this  uimu  the  record  may  be  transferred  to  a  buffer  of  the  HP  9000/300  HP 
»,C,  (Personal  Computar) ,  Tha  acquisition  of  a  nsw  racord  bagina  latar  with  tha  next  trigger,  and  ao  on,  In 
tha  experiment,  tha  lt.lt,  was  aat  up  with  the  graataat  capability  of  16  k  words,  External  clock  and  axtarnai 
trigger  ware  generated  by  meant  of  tha  timing  circuitry,  which  oonaiata  of  a  pulaa  generator  and  a  burst 
generator.  Whan  tha  buffer  ia  full,  ia  ator»d  in  tha  hard  diak.  Aa  this  transfer  anda,  the  computer 
oontrola  the  acquisition  of  a  new  buffer,  and  so  on.  During  the  target  flight,  atimuth,  elevation,  range, 
doppler  and  apied  were  recorded  by  the  operator  at  the  radar-conaolle.  Target  trajectory  waa  automatically 
plotted  by  meant  of  tha  data  available  from  tha  data-preceaaor. 

Tha  timing  for  the  aoquiaition  of  tha  radar  pulaaa  ia  reported  in  fig.  13;  16  puiaaa  are  acquired  in 
each  awaep,  B  for  channel  A,  I  for  channel  B.ln  this  way  one  record  oontaina  the  samples  of  1024  sweeps,  It 
ia  than  poaaibl*  to  make  a  rough  evaluation  of  tha  resolution  obtained  by  coherently  processing  one  teoord. 
The  observation  time  T0  ia  given  byt 

T0  -  1024 1  PAT  a  0 , 26  a  (40) 

The  flight  plan  foraaaaa  that  target  velocity  va  and  target  range  R0  assume  the  following  valueat  Ro-10  Km 
and  va«150  m/a.  If  during  tha  obearvation  interval  rQ» ( -T0/2, TQ/2)  target  trajeotory  ia  approximatly 
tangential  with  raapaot  to  tha  radar,  tha  processing  angle  G#i  ia  given  byi 


fl.l  «  t«d  1411 

,l  *0 

The  aroaa-ranga  raaolution  la  than  given  byt 

r_  O  »  fr—  •3.8m  (42) 

*"al 

Thia  raaolution,  limited  by  tha  observation  time  T0,  may  be  auffioiantly  good  to  resolve  some  target 
scat barer*, 

3.2  SIGNAL  PREPROCESSING 

Signal  prooaaaing  of  data  stored  in  each  racord  have  been  performed  by  means  of  HP  9000/300  P.C, 
Signal  processing  oonaiata  of  tha  motion  compensation  and  reconstruction  of  tha  raflootlvlty  function. 

Data  preprocessing  oonaiata  of  tha  following  atepsi 

a)  select  from  eaah  sweep  of  the  record  a  suitabla  complex  sample, 

b)  underaampling  tha  data  available  from  step  a), 

e)  estimate  and  subtract  tha  bias  from  tha  samples  obtained  in  step  b) , 

3.3  FREQUENCE  ANALYSIS 

The  frequency  analysis  has  bean  made  for  each  record  as  modulus  of  the  TI'T  of  tha  pra-ptoceaaeti 
samples  bk  ,  Each  spectrum  obtained  in  this  way  has  bean  represented  in  tha  ambiguous  interval  (0,vo),  where 
vqw$7,6  m/a  is  tha  blind  spaed  relative  to  tha  PRf-3.645  KKs  and  to  tha  wavelength  ka3  cm.  Tha  maximum 
value  of  one  spectrum  gives  an  ambiguous  estimate  of  target  radial  velooity,  In  fig,  14-17  tha  spectral 
analysis  relatives  to  four  oonaacutiva  records  ara  reported.  Tha  non-amblguou*  radial  velocity  relatives  to 
these  records  ate  given  respectively  by  i  -45,7,  -45,1,  -43.9,  -43,2  m/a  (tha  radial  velocity  ia 
conventionally  negative  whan  tha  target  is  approaching  to  the  radar) , 


3.4  NOTION  COMPENSATION 

Motion  compensation  consists  of  removing  tha  phase  term  ip  ( t) -4fiR  <t|  /  \  relative  to  tha  reference 
point,  Thia  tarn  la  not  generally  known  and  is  estimated  by  means  of  a  parametric  technique  /7/,  Target 
motion  has  bean  approximated  as  rectilinear  and  uniform  aa : 

-  the  aircraft  is  expected  to  fly  according  to  thia  type  of  motion 

-  tha  observation  time  T0-Q.2€  a  is  sufficiently  short  to  negleat  the  effects  of  unintentional  pilot 
manoeuvare  or  of  athmorpherloal  effects  like  wind  gust,  change  of  the  external  pressure,  and  ao  on. 

in  this  case  the  reference  point  phase  9<t)  is  approximated  by  the  second  order  Taylor  polynomial  with 
respect  to  t-0r 

<p (t )  s  u  ♦  (It  +  yta  (43) 

where; 


and  P0  la  target  range,  vf  and  vt  are  the  radial  and  tangential  velocities  at  t-CJ. 

The  coefficients  p  and  Y  have  been  estimated  by  maximi ration  o£  the  fallowing  correlation  function i 


.15-? 


1  N  3 

»•  <p, y) -  *  i  I  b„  ;i 


by  meant  of  the  algorithm  developed  in  /!/.  In  Eq.  (47)  tk-(k-l) n#PRT  id  the  time  instant*  of  bk  and  N  i* 
the  number  of  available  samples,  The  motion  compensated  samples  b^’ere  then  evaluated  as: 

b y  -  bk’explj|  S.tfc+YtJj]  k-l.K  Ml) 

where  and  y  ere  the  eetimatee  of  0  and  y,  Eq.  (47)  has  been  typically  evaluated  vlch  N-14  namplea  bk 
obtained  by  means  of  a  suitable  underaampllng  in  the  prepcooeaalng  atep. 

Let  ua  now  spend  some  aoneide retlona  on  motion  parameter  estimate*,  k  sough  estimate  R0  haa  been 

* 

obtained  By  m*«na  of  ...ooi.tion  o t  th*  proc.aa.d  r.cord  with  th*  plott.d  tr»J*etoiy,  Th*  **tlm*t*  *,  h*a 
b**n  «bl«in*d  by  tpaott.i  *nalyai*.  rh*  *»tim*t«  vt  of  tang*ntl*l  v*loeity  n*y  b«  uaily  d*riv*d  from  tq. 
(46)  •(! 


w»  •  <ir> 


The  tangential  velocities  estimated  for  the  records  considered  in  3.3  are  approximative^  given  by  ve-120 
m/a. 

3.5  PROriLB  RECONSTRUCTION 

Let  ua  now  ae«  how  the  cross-range  profile  of  the  aircraft  may  ba  reconstructed  by  means  of  motion 
compensated  samples  b  ,  At  first  a  simple  ralstionship  between  cross-range  profile  and  bidimenaional 
reflectivity  function  f(x,y)  will  be  found. 

The  wing  span  and  length  of  MB339  aircraft,  employed  in  the  experiment ,  are  approximatively  of  10  m. 
Because  of  the  abort  value  of  the  wavelength  end  the  ahort  obaarvation  time  oorreaponding  to  a  smell 
variation  of  aspect  angle,  the  motion  compensated  sample*  may  ba  represented  on  rourier  domain  aoaording  to 
the  rectangular  format.  In  this  oaaa,  Eq,  (14)  may  ba  approximetad  by  / 10/ i 

,,,  ,  UU-  (2C£.  n  +  yi  (50) 

C  Rg 

After  aubatitution  of  Eq.  (30)  in  Eq.  (13),  signal  9 V  may  be  approximated  byi 

b'r' (t)  >  /  f  j  (x)  •  expt ■ j  ^  V-  »J  **  1515 

where  f1  (x)  is  aircraft  cross-range  profile,  given  by: 


fj(K)  -  J  t(«,y)  ^y!  dy  152) 

V) 

and  xl,x2  ed  yry2  ere  the  bound  of  target  extension,  respectively  in  the  cross  and  down  range  dimensions . 
tl  !x)  may  be  sonaidoted  as  x  sort  of  projection  of  refleotivlty  function  on  cross-range  direction. 

By  meana  of  the  following  transformation! 


.  AB£.  St , 


t  *  [-T0/2,V21 


i'n1  is  axpraaead  «e  Fcuri.r  tranifotm  of  f .  I 

«'R'(XI  a  J  ft  (x)  •  **ut-j«xi  dx  (54) 

*1 

(X)  is  dafinad  in  th*  int.ru. 1  (-x4,Xt),  wh.r*  Xfl  is  obt.in.d  by  eub.titut Ion  of  t»T0/2  in  Eq.  (53).  Th* 
rsconat cuotsd  profil.  f(  (xl  may  bs  obt.in.d  by  m.xna  of  an  inv*t.«  TourJ.r  Transform  of  x'|ll(X)t 


6 1  (*)  -  J  «  V  (X)  ■•xptjuXI  dx  1551 

«. 

Th*  data  b  k‘  ha.  ba.n  obt.in.d  by  mi. ns  of  .  uniform  a.mpiing  in  tiros,  furtharmor*  th*  ral.tion.hip  b«tw..r> 
time  and  opatial  frequency  X,  defined  by  Eq.  (S3),  is  linear.  Consequently  the  N  samples  b  k  ar* 
represented  on  a  uniform  grid  of  the  interval  [-X4,x4]  .  The  samples  li  are  then  recotiatructed  by  meana  of 
an  FPT  of  samples  b'fc* 
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b  V  -* 

Tha  distance  batwaen  two  neighbouring  pixala  on  the  axis  x  is  given  by  the  estimate  r x  of  ctOBS-rangt 
resolutions 


where  R0  and  vt  ace  the  range  and  tangential  velooity  estimates.  In  pcactiae  the  trrt  La  preoeeded  by  a 
aero  padding  of  the  sample*  b'k*  in  order  to  have  four  pixala  for  every  resolution  cell  in  the  reooneruoted 
profile* 

Zn  figg.  18,  18  the  modulus  of  the  reaonatruoted  profile,  before  and  after  motion  oompenaation,  have 
been  ahown.  It.  ia  evident  that  motion  oompenaation  induce#  a  compreaiion  of  the  reconstructed  apeotrum.  The 
reconstructed  profile  ia  affaeted  by  two  peaks  whioh  are  aaparated  by  about  7  m.  it  ia  not  a  simple  task  to 

aaaooiita  these  peaks  to  some  parts  of  tha  aircraft.  It*,  can  be  noticed  however  thet  the  aeperetion  between 

the  two  peike  corresponds  approximatly  to  the  aircraft  cross -range  projection  length. 

Consider  now  tha  estimated  resolution.  It  ia  determined  by  the  ooourrence  of  reroea  in  the  aino 
function,  This  corresponds  approximative^  to  the  -4  dfl  width  of  meinlobe  of  this  function.  It  can  be 

indeed  verified  that  -4  dB  malnlobe  width  of  both  the  peaka  of  fig.  >1  ia  approximative^  equal  to  the 

•atlmate  rx-5.l  of  the  cross-range  resolution.  This  value  has  been  obtained  substituting  in  Bq.  (87)  the 
estimate  R0-1C,7  Km,  deduced  from  the  plotted  trajectory,  and  the  estimate  vt«12l  m/a,  obtained  by  Bq. 
<49} . 


4  CONCLUSIONS 


Zn  the  first  section  the  coherent  spatially  processing  of  radar  returns  has  been  described.  The 
target  electromagnetic  properties  may  be  desorlbed  by  the  reflectivity  funotion,  defined  in  the  reference 
coordinates  xy  fixed  to  the  target.  This  function  depends  on  the  physical  and  geometrical  oharaotariitics 
of  target,  furthermore  this  funotion  takas  into  eoaount  system  parameters  like  wavelength,  polarisation  end 
orientation  of  radar  with  respect  to  target.  It  has  been  shown  that  tha  received  signal,  suitably  processed 
end  rapreaented  on  tha  fourier  domain  XY,  may  oe  Interpreted  as  the  Fourier  Transform  of  the  reflectivity 
funotion  f<x,y).  It  has  been  also  noted  that  mction  compensation  represent!  a  crucial  step  in  ISA* 
processing.  The  depth  of  field  of  the  reoonatruoted  imaga  depend*  on  the  particular  couple  (X,Y)  employed 
to  represent  the  signal  a  V  <*»*)•  In  particular  the  polar  format  ia  adequate  to  image  all  ISA*  targets.  It 
has  bean  then  considered  that  resolution  depanda,  in  general,  on  signal  bandwidth  and  on  the  processing 
angle. 

Zn  the  seoond  section  the  rasults  of  a  radar  imaging  experiment  have  been  dismissed,  This  experiment 
was  mads  by  uaing  a  conventional  tracking  radar  to  raoanatruot  tha  orosi-tang*  profile  of  an  aircraft.  Zt 
ha*  not  been  posaibla,  however,  to  establish  a  correspondence  between  the  real  and  Lhe  reconstructed 
profile.  One  reason  of  this  fact  could  be  that  the  available  oroas-range  raaolution,  approximately  equal  to 
6  m,  ia  too  poor  to  reaulve  some  distinct  raflectora,  Furthermore,  as  range  resolution  has  not  been 
aahieved,  redactors  aligned  in  range  result  practically  overlapped  (see  Kq.  52)  in  tha  reconstructed 
profile.  Notwithstanding  the  above-mentioned  limits,  a  meaningful  croaa-range  crmpreaelon  of  signtl 
apactrum  has  been  obtained  by  motion  compensation,  rinally  a  reliable  estimate  of  redial  and  tangent  Lai 
velocities  have  been  obtained  by  motion  oompenaation. 
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(UNIABSTRACT 


(UN)ln  the  Intereet  uf  uvlutlou  safely  NASA  and  the  Federal  Aviation  Administration  1KAA1  nre  Jointly  cunducimg 
rcHcttrclt  lu  determine  the  applicability  of  ali'liorne,  uolicrent  Doppler  radar  technique*  to  detect  early  mlcraburst  In  wind  wheur 
conditions  durltm  aircraft  lukeolf  mid  la  rid  mg  II  eurly  detection  of  three  severe  wind  eheur  condition*  enn  be  demonstrated, 
nvnidnnce  luiinetiver*  cun  be  exeremed  end  slgnlftcamly  reduce  the  probability  of  nlrrruft  diuttei,  Reernreher*  linve  developed  n 
computer  model  of  the  radar  which  predlcls  II*  response  when  viewing  n  klmulaled  microbtirst  against  the  simulated  clulter 
background  of  ah  airport,  tile  Mi-culled  radar-mlcrobnnit-lroun!l  clutter  model, 


(UNIStildlrs  employing  this  model  revealed  Hint  Doppler  rndnr  cun  accurately  detect  mlcrobunl  ahead  nr  the  alrernfl  In  time 
for  pilot  evasive  response,  but  (light  experiments  will  be  required  lor  complete  performance  evaluation  or  Ihe  system, 

(UN)An  experimental  X-bimd  III, 38  Oils)  radar  is  being  developed  for  future  lllghl  experiment*  to  verily  the  simuliillnn 
modeling  reaults.  Till*  Inslrumenl  will  measure  Ihe  radial  (hariumlall  component  of  wind  vrkxdly  by  Doppler  return  from 
idmnsnhrrlr  moisture  and  raindrops,  II  will  unlive  special  signal  pmorusinij  technique*  In  control  Ihe  radar  gain  on  ii  bln-lii-liln 
lor  pul*e-lo-pulse|  husls  lo  onhunce  the  mlcraburst  Ueteclian  charuclerlsllc.  Other  circullrv  will  correct  Ihe  radar  re*pmnie  by 
removing  the  aircraft  forward  motion.  The  processed  output  signal  Is  a  measure  of  wind  velocity  along  the  radar  pudding  vector, 

IUNIA  description  of  (he  experimental  radar,  recording  equipment,  ami  It*  Installation  on  lit*  NANA  813  (Hoeing  7371 
Hirer  ah  Is  presented,  The  lllghl  experiment*  to  be  conducted  are  also  described.  They  are  subdivided  Into  three  plume*,  The  lit  at 
plume  I*  directed  toward  lire  inesstireiliellt  of  ground  clutter  daiu  by  flying  landing  approaches  Into  typical  airports  III  clear 
weidher.  The  sccund  phase  adtlresse*  (he  doledlon  of  wind  shear  conaltluns  by  excluding  gruund  clutter  rclunis  dying  toward 
convective  Mornm  ill  allllmlcs  above  700  melrrs  excluding  ground  duller  irlurns.  Hie  I  bird  plume  will  Involve  approaches  to 
airports.  during  severe  cunvcellvc  storm  uiTIvUy.  lo  cvulunle  Ihe  nblllly  uf  the  radar  cunccpl  lu  delect  rain  reflectivity  ami  prnvltlr 
wind  sliear  data  untl  warning  emails  in  the  iiicaeuce  ul'groiuid  clulter 


IUNII.  Introduction 

(UNIUw-allltuds  microburst  wind  shear  is  recognised  us  a  major  hav.ard  during  lokcoff  and  binding  of  aircraft, 

Mlcmbursls  are  relsllvely  small,  Intense  downdrafts  which  spread  out  In  all  directions  upon  striking  Ihe  ground.  When  surh 
wind  slieur  Is  encountered  ut  low  altitudes  during  lending  or  laksolT,  the  pilot  has  lulls  limn  lo  read  correctly  to  ninlnliiln  safe 
lllghl  (Fig.  1|,  In  Ihe  United  Slide*  during  the  period  lbtVt  lu  1088,  there  were  28  major  civil  transport  aircraft  accidents  for  which 
wind  shear  was  a  direct  cuuse  or  a  contributing  factor.  Four  Incidents  caused  828  falulilles  and  over  280  ln|urles.  As  pan  of  Its 
Integrated  wind  shear  program.  Ihe  FAA,  Jointly  wllh  NASA,  Is  sponsoring  a  research  effort  lo  develop  airborne  sensor 
technology  for  detection  of  law-altitude  wind  shear  during  aircraft  takeoff  and  landing.  A  primary  requirement  for  an  airborne 
forward-looking  sensor  or  system  of  sensors  Is  lo  be  capable  of  delecting  both  heavy  ('SwO  and  light  ("dry'l  precipitation 
microbursts.  One  sensor  being  considered  fur  lids  application  Is  a  microwave  Doppler  radar  operating  ut  X-buud  or  al  higher 
frequencies,  Since  absolutely  clear  air  produces  no  radar  relinit  til  microwave  ftequencles,  except  very  slight  scattering  From 
gradients  lu  the  Index  of  rcITucIluu  on  the  scute  uf  Ihe  rudur  wavelength,  the  emphasis  In  Ihe  presenl  tescureh  Is  nil  lliuae 
iiilernluirsls  euiilalnlng  ul  least  some  liquid  water, 

(UN)l’revlou*  exiierlmeuls1  and  studies  have  demonstrated,  In  a  Hmlletl  way.  Ihe  capability  of  airborne  Doppler  radars  to 
detect  the  presence  of  wind  sheur  However,  fur  aircraft  landing  and  takeoff  uppllcullous,  ihe  piublem*  of  severe  ground  chiller, 
ruin  uiienuaimn,  and  low  reflecllvlly  levels  must  be  solved.  To  consider  these  problems,  a  Mlcrabimd/Chdler/Rmtar  slimilaliun 
prngram  has  been  developed  lo  aid  In  Ihe  evaluallnn  and  development  of  Doppler  radar  cont-epls.  The  slumlullon  program 
!ni.-nrpara!ex  wlndfleld  and  rellecttvlty  data  bases  derived  Irani  a  high  resolution  numerical  wind  ahear  model-1,  clulter  maps 
derived  from  allhome  Synthetic  Aperture  Ratlui  IHAItl  backscnUer  urns,  and  various  airborne  Duppier  radar  roiifluiiraUuu*  und 
signal  prtx-csslng  cumejiis.  The  program  simulate*  the  uperatluii  of  a  Doppler  radar  loculcd  Ui  an  aircraft  uppioachlng  a  runway, 
sensing  signal  returns  Irani  a  wind  shear  mlcroburst  and  an  airport  chiller  environment  The  results  of  the 
Mlrrnbotmt/CTiitler/Undur  smmlutluu  program  me  presented  later  In  (hi*  paper.  Preliminary  study  results  hove  drmuimlralrd 
the  feasibility  uf  using  altbume  Doppler  radars  lo  detect  wind  shear,  but  further  detailed  uludlcs  will  be  rrtpilirtl,  Including  liilure 
lllghl  experlmeiits,  lu  eumplelely  chawclerue  I  heir  cupublltUe*. 

(UN)ll,  Ruqiilreinems  fur  Wind  Sheur  Deleellun 

IUNIA  preliminary  se!  or  performance  requirements-1  have  been  ealubllshed  frrr  design  ol  forward  looking  wind  sbrar 
sensors,  The  sensors'  primary  requirement  Is  (o  detect  severe  mlcrobursl  wind  shear  during  final  approach  to  landing  (Fig,  1)  or 
during  lukeolf  and  lo  provide  us  a  minimum  18  tu  40  seconds  (approximately  I  lo  3  km)  winning  lo  the  pilot  Advisory 
lid'urmultcn  on  wind  shear  cundllluus  90  lo  loo  seconds  (4  lo  B  km)  In  froni  of  the  aircraft  Is  also  desired.  Die  sensor  or  sensor 
system  must  be  able  lo  delect  wind  shear  caused  by  both  heavy  and  light  precipitation  mlcrobursl i,  the  sensor  nntsl  measure  Ihe 
average  horbuinlul  wind  speeds  every  190  lo  380  meters  uul  lo  u  range  of  6  lo  8  km  along  Hie  lllghl  path  and  a  small  sector  (approx. 
30’)  an  either  side  uf  Ihe  aircraft  tA/C)  wlUi  upproxlmat  ;ly  I  melcr  per  tecand  (m/s)  accuracy.  These  prlniuiy  requirement*  huve 
tjeen  eslubllslied  as  minimum  guideline*  for  developing  sensor  design  requirements  am!  evsnmllng  potential  concepts.  The 
requirements  to  provide  other  Informullnn  und  capabilities,  such  us  vertical  wind  speeds,  rain  renet-liviiy.  wind  turbulence, 
mli-rabiirst  signature  reragmilaii.  and  various  tlisplav  capabilities  lire  bring  developed. 
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(UNIIII,  Simulation  With  the  Rudar-Mlcroburat-Oround  Chiller  Mudel 

:|JN) Airborne  weather  radars  operate  In  an  allocated  frequency  bund  uroimil  9,3  OH*  and  ullllse  solid  elate  transmitters  ul 
about  100  walls  They  are  presently  In  use  to  display  min  reflectivity  unit  wind  turbulence  advisory  Information  to  Ihe  pilot  In 
fclBltvely  high  altitudes.  It  la  of  Interest  to  assess  airborne  Doppler  radar  concepts  lor  wind  shear  delection  operating  In  this 
frequency  bund  utilising  relatively  low  powers.  Space  limitation  in  the  nose  ratlome  of  passenger  aircraft  llmll  the  maximum 

antenna  sue  to  about  30-36  Inches  1.76  -  .61  ml  In  large  aircraft  and  about  IB-20  tneltet  in  amaller  aircraft,  Thu  makes  it  more 
important,  from  a  reaolutlon  and  tensiuvlty  atandpolnt,  lo  operite  at  the  huher  freouenclee,  It  It  deebablt  to  keep  tranamitter 
power  requirements  low  an  that  aclld  state  tranamlttera  can  be  conaiderad,  Other  radar  parameter*  auoh  oe  Pulee  Repetition 
Frequency  (PRF),  and  pulae  width  are  choeen  to  mlnlmiae  velocity  and  rungs  foldover  problems  and  lo  provide  acceptable  range 
resolution.  Table  I  lists  the  radar  parameter  volute  being  considered  In  the  simulation  study  which  repreient  »tate-of-the-art 
airborne  Doppler  radar  hardware  implementation  capability, 

(UNlTuble  1.  Hadnr  parametera  uaed  In  simulation  analysis 


A/C  range  Imm  runway  ■••••  9  Ik  7  ton 

A/C  ground  velocity  .  77  m/s 

A/C  glide  elope  .  3* 

Frequency .  8,3  QHs 

Antenna  Dig,  . ,?bm|30ln.) 

Antenna  edge  Ilium . ID  dB 

Rain  Reflectivity  .  lOdBe 

Pulse  width  .  1  ft-eec. 

PRF  .  3000  unlU 

Ant.  tilt  angle  .  0  6  3* 

Ant.  todmulh  angle  .  0  A  03* 


lUNIAnlennu  pntlrma  simulated  Include  a  generic  parabolic  antenna  with  *l*e  and  aperture  Illumination  toper  epedllert  by 
inpul  date,  and  a  flat  plate  array  antenna  with  a  pattern  representative  of  Ihose  found  in  Ihe  current  generation  or  X-bimd 
all  borne  weather  radars. 

lUNl'rhe  mlcroburel  model  la  a  detailed,  numerical,  convective  cloud  and  eiorm  model  that  calculates  the  tune  history  of  the 
development  of  a  mlcroburel,  The  model  uses  a  nonhydrastutlc,  compressible,  and  uneleady  set  of  governing  equations  which  are 
solved  on  a  three-dimensional  staggered  grid,  The  compulation  can  be  initialed  from  observed  dota  and  genernles  renllsllc  wind 
ftelde  that  compart  favorably  with  observed  data  such  at  that  obtained  Ut  the  JAWS  study15,  For  ihe  radar  simulations  to  dale,  a 
4x4  km  lattice  of  40x40  meter  grid  spacing  Increments  Itwo-dlmcnslonal  axlsymmctrlc  verslnnl  have  been  generated  n(  srlecletl 
lime  periods.  Output  parameters  Include  the  radar  reflectivity  fkclor  tdtisl.  wind  velocity  components,  temperature,  equivalent 
potential  temperature,  pressure,  end  moisture  content  (water  vapor,  lee,  cloud  droplele,  ram.  snow,  and  liall/gruupel),  The  model 
developed  under  NASA  sponsorship  Is  desorlbsd  In  detail  In  nefarancaa  3  and  3. 

lUNIKor  Ihe  radar  simulation  coses  dlacussed  In  this  paper,  a  typical  wet"  mlcroburst  is  aelerled  end  used  to  Investigate 
riitlnr  performance  at  a  particular  Inalanl  of  tune.  Figure  2  shows  the  refteellvtiy  factore  end  velocity  field  of  the  uxlsyinmetilc 
”wel"  microbursl  used  In  the  radar  aUuulaUon,  The  'wel  mlcroburst  data  are  taken  at  1 1  mlnutea  after  Inlttnllnn  of  Ihr 
inlcrohural  oalculoUon  and  retemhle  an  axUymnKlrtc  verilon  or  the  Auguet  3,  1993,  Dnllna-FI  Worth  storm*5, 

(UN)llie  ground  duller  model  need  Tor  the  present  simulation  cases  Is  a  hlgh-resolutlon  X-bund  8AR  map  of  Ihe  Willow  Run, 
Michigan,  airport  area  provided  by  the  Environmental  Research  Inatltute  of  Michigan  IEU1MI 

(UNITlie  SAH  Unuge  (lies  produced  by  ER1M  provide  rallbraletl  Nnmiallxeil  Radar  Cross  Seri  Ion  INRC8)  dam  wllli  it 
resalullonorao  m,  Figure  3  shows  s  high  resolution  (3  ml  SAR  Ullage  of  willow  Run  airport,  from  which  ihese  data  were  derived, 
and  ihe  runway  OR  uaed  Ut  the  simulation  run*.  In  the  simulations,  Ihe  ulrcraft  Is  positioned  nl  a  selerled  distance  from  the 
runway  touchdown  point  un  a  3*  glide  slope. 

(UN1A  problem  wllh  the  use  of  existing  SAR  dsls  Is  eisoolated  with  (He  vs.iullun  or  cross  section  with  depression  angle, 
These  data  were  taken  al  depression  angles  ringing  from  approximately  16’  lo  30*,  whereas  lor  Ihe  operational  airborne  radar 
simulated  the  depression  angles  of  Uilerest  ire  xpprajdmtttcly  1°  to  20*.  To  pr  Hally  account  for  this  difference,  KR1M  supplied  uu 
empirical  depression-angle  correcdon  funedon  that  correcle  Ihe  NRC8  to  Ihe  angle  eeen  by  the  airborne  radar. 

(UNIThe  eimulnlion  program  is  s  comprehensive  cxlculatlsn  of  the  expected  output  of  on  airborne  coherent  Doppler  radar 
sysltm  viewing  a  low-level  mlcroburel  dong  or  near  the  approorh  palh  of  the  aircraft,  Inputs  to  the  program  Include  (he  radar 
system  parametera  and  large  data  furs  that  contain  tho  charuclertillce  of  the  ground  duller  and  the  microbunt,  For  mare  details 
see  reference  7.  The  ground  duller  data  file  consists  of  hlgh-resolutlon  120  ml  calibrated  SAR  data  of  elected  airport  nrtos.  Tile 
mlcroburel  data  flics  provide  rellec!lvlty  factum  x,  y,  and  *  wlnj  velocity  components:  and  oilier  meteorological  parameters  wllli 
a  resolution  of  40melrrs.  This  data  base  Is  generated  by  a  munerk-sl,  convecnvr  rloud  model3  driven  hy  experimentally- 
delemtlned  Initial  coudlUons  and  represents  selected  lime  periods  of  the  mlcroburst  development, 

(tlNIFar  each  range  bln,  Ihe  slinulil  „n  calculates  Ihe  received  signal  amplitude  level  by  Inlegrallng  Ihe  product  of  llte 
antenna  gain  pattern  and  xcudertng  eouice  amplitude  and  phase  over  a  spherical-shell  volume  segment  defined  by  Ihe  pulse 
wlillh,  radar  range,  and  ground  plane  Inlarsuctlon.  The  amplitude  or  the  return  from  each  Incremental  scutletrr  III  Ihe  volume 
segmenl  Is  proportional  to  either  the  square  loot  of  Ihe  iiomiaiked  erass-MCUtm  of  iht  ground  clutter  Ifrom  Ihe  duller  mop,  or 
ihe  aquare  roulof  the  rellectlvily  raclor  ol  lhe  water  droplets  In  Ihe  mlcroburel  (from  the  mlcroburel  data  base). 

(UNIPulh  nllemiallmi  lor  each  I’leremental  scalterer  Is  detennUied  by  lidegrolUig  die  path  limses  uver  Ihe  IruiramlsHloii 
palh.  Empirical  formulas4  are  uaed  lo  determine  the  Incremental  path  losses  from  the  liquid  water  content  of  the  mlrrohurel. 
Ahvraft  ground  velocity  Is  asmaiii  -I  to  be  known  accurately  no  that  derived  Doppler  frequencies  can  be  referenced  lo  a  value  ol 
aero  curienptmdlng  to  that  velocity 

lUNITo  examine  Ihe  expected  radar  performance  in  apewfle  allualloni,  aeveral  caaex  Have  been  stmululrd  using  Ihe  baseliiai 
syuteui  parameter  given  in  table  1,  the  mtcrobuiat  model  of  llgure  3,  and  the  ground  duller  mup  From  Ihe  Willow  1dm  airport  area 
lllg.  31.  Figure  4  plots  Ihe  Slgnal-to-Notse  Hallo  IBNRi  and  Slgunl  ltKTuiler  Ratio  (SCR)  vs.  radar  range  for  a  "wel"  mk-robursl  Hull 
would  be  seen  by  the  radar  at  a  tftslanre  of  7  km  from  the  runway  lout-hdown  point  with  Ihe  snleunn  lllled  uu  J"  from  Ihe  prolecled 
ulit-nifl  palh.  Tlie  microbursl  nsls  Is  located  on  Ihe  projected  palh  2  km  from  Ihe  lourhdown  point  The  calculated  reflertlvfly 
fador  uf  the  water  droplets  «<ong  s  line  corresponding  to  the  prolecled  uln-raft  path  Is  also  plotted  In  llgure  4  for  comparison  lo 
the  simulated  radar  measurements.  For  this  ease,  Ihe  SNIt  and  SCR  are  high  over  Ihe  entire  n-gltm  of  the  microbursl,  with  a 
minimum  value  of  SCR  10  tlBI  uecunttig  si  approximately  3  km  from  touchdown.  Tills  minimum  value  Is  due  lu  high  cluller 
power  from  an  urban  ares  al  this  location,  'Die  SNR  exceeds  20  UD  over  Ihe  range,  wllh  approximately  18  dll  dUTerence  between 
the  near  side  and  far  side  of  the  mlcroburel  due  lo  palh  attenuation  and  geometries)  factors 


m-.' 


(IIN)A  two- pole  high-pass  Uulterworth  filler  wit#  used  la  filler  l hr  tnphiisc  III  mid  giindrnlure  !U!  pulse#  In  suppress  ground 
clutter.  The  ft  ilh  frequemV  response  culolT  point  In  located  ill  n  Happier  frequency,  rrliillvr  la  llir  ninTiilt  ground  vrlix'ily, 
corresponding  to  a  niill.il  component  of  wind  velocity  af  II  ni/s,  und  Ihr  inter  laiir  two  r.rnm  nl  /rru  Doppler  fmpirnry.  The  rilrel 
oT  I  lie  duller  niter  am  he  seen  In  name  5,  which  in  a  pint  nf  (hr  Happier  s;irrttum  In  u  mime  bin  <1  km  frniii  Ihe  radar,  culeuluteU 

with  and  without  the  eltittet  niter.  For  simulated  velocity  measurements,  a  processing  thrtthold  of  4  dB  m  used  li.e.,  the  pulse, 
pair  nnd  epeotral  avenged  velooltlea  are  aet  to  Mro  If  the  radar  received  power  la  leaa  than  4  dB  greater  than  th«  noha  threshold.) 

(UM) Flgure  8  aliowa  ihe  calculation  of  Ihe  radial  component  of  wind  velocity  derived  from  both  pulne-pmr  and  apeclral 
averaging  algorithm*  operating  on  128  stmuleiad  1  and  S  pultea  from  the  radar.  Thla  figure  nlau  plola.  for  comparison,  the  “true" 
wind  apeed.  defined  aa  the  velocity  component  along  tha  center  line  of  (he  antenna  beam,  II  thould  be  noled  that  the  true  velocity, 
at  defined,  will  always  differ  aomewhat  from  the  radar-meaaured  velocity  became  the  true  velocity  la  meaaured  along  a  line  (the 
antenna  center  Uriel,  whereat  the  radar  tyatent  measure*  n  weighted  (by  reflectivity  and  antenna  pattcml  average  of  the  velocity 
over  a  finite  volume  nf  the  microburat, 

(UN) Tho  simulated  velocity  measurements  are  within  2  m/i  of  the  "true"  velocity  for  veloclllea  greater  tltnn  h  m/s  mid 
Indicate  clearly  the  potentially  hatardotia  wind  ahear  aaaaolaled  with  the  microburat,  To  relate  Ihe  wind  shear  hazard  lu  the 
aircraft,  n  meaaurc  called  the  F-factor  or  haxard  Index  hue  been  dellned  by  ttawlo«,a  Thta  Index  la  defined  by  Ihe  equation: 


where  Wx  li  the  rate  of  ehuNtfe  of  the  component  o!  wind  velocity  ulony,  Utu  ulrt:rnfl  pulh.  k  l»  the  uccelerutlon  nf  uriivliy,  Wn  in  Ihe 
verUciil  component  of  wind  velocity  nnd  V  ii  the  flircriin  velocuiy.  VnlurNof  K  flintier  tliun  0,1  loO,  13  are  eoimUlrtcc!  hiuwtrthmn  In 
Jet  trmmport  aircraft  depending  on  aircraft  type,  cmiflflimuion,  und  ranflr  of  aioim  welflhti.N 

(UN)AUhoiiflh  u  fonvurd-lookittfl  nulnr  netmnr  nmiiol  directly  inenntirc  Ihe  vcrlleul  wind  nmiponenl,  ihr  nullnl  veloriiy 
compommt  in  meunured  directly,  ‘llir  ftrnl  lerm  in  ihe  rc|iiullon  lor  the  K*f»uM»r  ran  1»  derived  (Yam  nulnr  tneantiiemenlH  of  mdlnl 
velocity  an  follow*: 
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Fit  ■  tile  rnillnl  cnmpolteril  of  the  linxurd  Index 

(UNIThi*  eadial  lertn  la  calculated  in  Ihe  iimtllatkm  from  the  velocity  measui«menl!i  an  ahown  ut  llame  n  by  averaging 
velocity  dUTerencea  over  five  range  blna,  which  results  in  output*  aa  ahown  in  figure  7.  The  rudlal  teim  of  the  hazard  lUcuir 
reaches  a  maximum  value  or  0, 1  for  thla  microburat  and  both  pulec-palr  ami  spectral  averaging  algurilhma  give  good 
measurement*  of  Ihe  factur. 

(UNJThe  radar  atmulailon  program  can  almulate  all  uxlmuth  scan  mode  anil  generate  simulated  Ulspluya  or  several 
variables  of  Internal.  Figure  8  shows  a  black  and  white  copy  ol  a  almulated  (color)  display  of  radial  wind  velocity  for  the  “wet  ‘ 
inlrrnbural  with  the  haaellne  art  of  radar  parametera.  Figure  B  la  a  almulated  pint  of  llir  ttulliil  lerm  of  Ihe  F-faoloi  and  clrnrly 
Indlculea  Dial  n  polentUil  wind  ahear  hiuuml  Ilea  on  the  aircraft  path,  These  displays  should  mu  be  Interpreted  as  raromniriiilrd 
displays  for  the  micrew,  since  Ihe  specific  luelhud  ofalerlbig  (lie  crew  tu  u  Itnnird  requires  extensive  uluriv.  which  is  present ly 
underway,  and  will  must  likely  cciislsl  nf  a  warning  light  nr  nlunii  which  may  hr  supplemented  hy  displays  uf  iiddllluiiiil 
Inluniiuliijii  lu  mil  Ihr  mirrew's  derlsluu -mnkmg  proem*. 

(UNIIV.  Experimental  Doppler  ftadur 

(UNIDeleollim  ur  udcroburali  In  weutlier  and  the  pra»  ,  ee  of  ground  clutter  begins  with  the  triuuiuiiiisioii  of  nulnr  pulses 
which  wlU  be  reflected  by  raindrops  mid  the  ground  surface,  Hie  turiar  operate*  III  Ihe  approved  wmitliri  radar  bund  ut  ti.ya  (111*. 
Tills  frequency  won  selected  because  It  represents  a  good  compronuaa  between  precipitation  pcnetrultun  distance  by  Ihe  radar 
pulses  a, id  the  amount  of  rellecled  signal  rrom  rolrairaps  for  good  ilgiutl  processing, 

(UNIThe  radio  frequency  (KFI  secllcu  uf  the  wind  sheur/nUcrcbiirel  radar  deledor  Is  nlmwii  as  a  block  diagram  lu 
Itgure  10.  The  reference  frequency  sources  general*  frequencies  of  704,0,  106,7,  7ft  4,  slid  lii.UMIl/,.  The  fraqueiicle*  764  Mil*  and 
13  0  Mils  combine  tu  777.0  MHa  with  the  up-couvcrter.  'tlie  buller-ampllltor  serves  alio  us  a  frequency -chirp  correcUun  device. 
Tin-  7V7.fl  MHa  cotilhmoua  wave  Is  shaped  Into  pulses  with  Ihe  pulse  circuit,  'Hie  transmitter  pulse  width  is  silecloble  from  1  In  111 
microseconds,  The  pulse  repetition  rate  esn  be  changed  from  1110  to  10,000  p/second.  'the  power  multiplier  lx  121  enlivens  the 
frequency  up  to  9,33  Oils.  The  Uwiamlller  output  power  of  oppmxlmalely  200  W  Is  applied  to  the  duphner  which  couples  li  tn  the 
niilrtmn  port, 

(UN)Tlie  iluplexcr  also  provides  the  receiver  section  wllti  Ihe  rellecled  signals.  The  7B4  MIT*  signal  from  the  reference 
sources  Is  multiplied  by  twelve  In  the  multiplier  and  I  nj  tel  mi  into  Ihe  lint  local  oscillator  wllh  the  output  frequency  of  Bf7(l  Mils, 
Tlie  local  osclllntur  converts  Ihe  received  signal  down  In  Ihe  flral  Intermedlsle  frequency  UK)  166.7  Mil*  wilts  the  first  mixer,  The 
second  local  oscillator  (182.8  Mil*)  convetls  the  ftrst  IF  down  lo  the  eecotld  IF  1 13,89  MHal,  and  Ihe  third  local  oscillator  113,89 
MtUI  provides  the  signal*  Tor  Ihe  Inphsse  slid  Quadrature  mixing  lo  obtain  the  l/Q  outputs.  These  l/g  chunnels  ore  the  Inputs  lo 
the  processor  and  ihiplay  of  win  Intensities. 
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(UNlThe  information  on  Iliac  I/O  channels  la  not  sufficient  to  evaluate  the  weather  condition  above  the  riinway  during 
landing  approach  or  during  takeoff  The  RF  portion  below  the  dotted  line  In  figure  ID  represents  the  wind  shear  detector  system  of 
the  Doppler  radar.  Tile  llrat  IF  of  the  radar  receiver  is  split  Into  two  signals.  One  signal  is  converted  down  In  30  Mile,  with  the 
mUer.  The  local  oscillator  I  i3ti  MH/i  is  obtained  by  using  the  reference  frequency  76.4  MHs  and  converting  tt,  after  amplification 
with  the  frequency  syruhestttr,  to  136  MHi.  The  frequency  synthesiser  alto  compensates  the  Doppler  effect  due  to  forward 
motion  of  the  aircraft.  The  control  signal  la  derived  from  the  Inertial  Navigation  System  IINS).  After  the  aynthealaer,  the  local 
oacUtator  antral  la  filtered  with  ■  band  paaa  niter  of  40  KHi  bond  pass  and.  after  amplification,  provided  In  the  mixer.  Following 
the  mixer,  a  variable  attenuator  provtdea  ihe  Automatic  0am  Control  (AOC).  The  AOC  la  generated  in  the  digital  bln-to-btn  AGC 
processor.  The  IF  pssaes  through  a  Alter  with  7  MHi  bandwidth  and  la  amplified  before  tt  la  supplied  to  the  I/O  mixer.  The  30  MHx 
local  oscillator  frequency  la  generated  In  the  frequency  aynthetlxar,  filtered  (hanrtwtdth  *  40  KH»),  and  amplified.  The  l/Q 
channel  outputs  an  provided  with  programmable  low-paaa  Ulan.  The  filters  are  com-. 'oiled  from  the  control  computer  to  adjust 
Ihe  paaa  band  to  Die  pulae  width,  The  eecond  channel  coming  from  power  divider  represents  tho-AOC  drive.  After  paaalng  through 
the  filter  17  MHx  bandwidth)  and  being  amplified  in  the  logarithmic  amplifier,  the  AuC  la  low  pace  filtered  and  sent  to  the  digital 
bln-to-bln  AOC  processor  (Fig.  II). 

IUN1V,  Experimental  Signal  Processing  and  Data  Recording  System 

HINlThe  experimental  system  is  comprised  of  a  aenaor  (previously  described),  a  signal  processing  system,  and  a  da* ., 
recording  system  described  here.  The  X-band  radar  detector  (see  Bloch  diagram.  Fig.  10)  providt-a  analog  I  and  Q  signals  from  the 
weather  target  from  which  the  radial  component  of  horixontal  wind  velocity  Is  measured.  The  radar  alto  supplies  a  logarithmic 
output  (LOO)  representing  Ute  radar  receivers  signal  strength  when  the  I  and  Q  measurements  were  made,  In  order  to  distinguish 
the  weak  weathrr  return  from  the  strong  ground  clutter,  such  as  la  present  during  s  landing  approach,  the  i  adur  receiver  hus.  In 
addition  to  the  instantaneous  dynamic  range  of  approximately  65  dB  (1  MHx  bandwidth),  a  second  dynamic  tracking  range  of 
about  65  dB.  The  65  dB  dynamic  tracking  range  assure*  that  the  detector  of  the  bin-to-bln  AOC  operates  in  the  linear  portion  or 
the  system,  This  It  achieved  In  this  system  by  a  very  unique  AOC  system,  The  tundamentat  principle  of  this  AOC  syntem  la  given 
in  the  diagram  of  ngure  1 1.  The  rer  river  window  for  example  I*  divided  Into  200  range  bins  with  e  pulae  rate  of  5000  pulses  per 
second  and  a  1  microsecond  pulse  width.  A  smaller,  movable  data  range  window  covers  64  of  these  bins  at  any  one  rime  span 
between  two  pulses.  The  I,  Q,  and  LOO  signals  within  each  of  these  84  range  bin*  (bln  resolution)  rre  stored  in  the  buffer  storage  (n 
a  mnirtx  fashion  where  ihe  transmitter  pulses  Pt  to  Pug  designate  the  proper  sample  location  for  Ihe  received  bln  values  1.  Q 
and  LOO.  The  average  value  of  the  received  signal  atrength  (LOO)  Tor  each  bin  Is  then  computed  In  Ihe  AOC  processor  and  ured  to 
reset  the  AOC  vain  a  Independently  for  the  specific  bin  over  the  next  group  of  128  transmitted  pulses,  Each  storage  buffer  that 
Implements  Ui la  Is  configured  in  two  groups  such  that  one  can  accept  dais  while  Ihe  other  is  being  read  out  to  the  data  recording 
system  in  a  ping-pong  fashion  of  operation  that  permits  time  for  recording  full  radar  output  dais  within  the  selected  bln  window 
of  64  bins  This  provides  the  cspabtllty  to  store  100  percent  of  the  data  produced  by  the  radar  sensor  within  the  64 -bin  window 
TWO  buffer-storage  devices  arc  need  lo  obtain  two  ping-pong  buffer  outputs.  The  Unit  supplies  the  digitized  data  to  Ihe  dais  display 
processor  and  Ihe  second  supplies  the  data  to  the  data  recorder, 

IUN)The  AOC  value  obtained  from  the  AOC  processor  In  this  manner  allows  the  receiver  to  be  act  lo  Its  optimum  value  for 
distinguishing  the  weak  return  In  (he  presence  of  strong  ground  duller.  I,e  ,  opllmlslng  Ihe  slgnol-lo-nolsc  ratio  In  clutter 
condition.  The  digitally-computed  AOC  values  are  used  to  control  the  radar  system  gain  by  selling  digitally-controlled 
attenuators  located  In  the  receiver  chain  of  ngure  10, 

IUN)The  recording  system  is  a  1 4-track,  high  speed,  high  storage  capacity  system  thst  Is  capable  of  storing  all  sensor  output 
Information  alongwllh  necessary  experiment  and  housekeeping  dels  The  system  la  capable  of  about  I  hour  or  night  data 
recording  between  changes  of  Its  14-inch  diameter  tape  reels,  st  which  Him  approximately  3.6  Gbytes  or  data  have  been  recorded. 

(UNfrhe  signal  processing  and  recording  equipment  are  packaged  In  one  60- Inch  high,  double  wide,  IB-Inch  rock  unit  shown 
In  figure  14.  All  equipment  li  designed,  assembled,  and  aircraft  qualified  al  NASA  according  to  requirements  for  the  nights 
aboard  the  Boeing  737  aircraft. 


*UN)V1,  Aircraft  Installation 

(UNlln  order  to  make  use  of  an  existing  X-band  weather  radar,  the  antenna  and  pedestal  art  shared  by  the  cockpit  and  the 
test  atatton  located  in  the  an  section  of  the  fuselage  as  shown  In  ngure  12,  Thr  waveguide  switch  provides  connection  either  to 
recelver/trais mltter  unit  no.  1  for  the  westher  Indicator  in  the  cockpit,  or  to  the  reeelver/lrsnamltter  unit  no.  2  of  the  research 
sensor  system.  The  research  aenaor  eyatem  comprises  (besides  the  standard  Indicator  and  conlrol  panel)  the  system  Interface 
together  with  the  night  test  eyitem,  The  flight  test  Includes  the  teat  control  computer,  the  1-0  detectors,  the  bln-to-bln  AOC,  the 
aircraft  INS,  and  the  system  clock.  The  flight  daU  recording  system  Is  shown  In  ngure  13,  The  sensor  data,  such  as  I,  Q.  and  AOC, 
and  (he  aircraft  Inputs,  such  as  INS  attitude,  aircraft  speed,  position,  housekeeping,  and  data  system  control  information,  are 
converted  from  analog  to  digital  data  and  formatted.  The  record  electronics  provide  the  necessary  control  and  data  flaw  lo  the 
airborne  digital  recording  aysum.  The  functional  diagram  of  figure  13  show*  the  date  flow  and  the  operations  In  a  simplified 
form. 


(UNythe  location  of  the  experiment  components  and  equipment  Inside  the  Boeing  737  (NASA  515)  la  Indicated  in  Itgure  14, 
The  llal  plale  antenna  la  Installed  In  the  nose  cone  protected  by  s  radome  with  low  tosses  (smaller  than  .5  dB)  one  way.  'me 
reccivtr/tranamlttrr  unit  no.  1  la  Uulailed  In  the  nose  cone  compartment  In  front  of  the  cockpit  and,  because  of  lack  or  space,  (he 
recelvcr/tranamilter  unit  no.  2  la  located  In  the  cockpit,  The  weather  radar  control  unit  and  indicator  are  located  In  the  cockpit 
near  the  pilot.  The  wind  sheor/mlcroburat  experiment  station  and  Ihe  digital  tape  recorder  are  placed  In  the  aft  section  of  the 
fuselage.  The  experiment  station  consists  of  the  control  computer,  data  processing  equipment  and  the  wind  shear  data  display 
unit, 


tUNIThe  flight  experiment  setup  for  the  final  performance  demonstration  I*  shown  In  figure  13.  Aa  shown  In  figure  is,  the 
Hr  waveguide  switch  makes  the  antenna  available  either  to  the  p'let  (weather  Indicator)  or  to  the  experimentalist  in  the  aft 
section  of  the  aircraft  (microburst  detector).  The  experimentalist  operate!  Ihe  control  computer  and  adjusts  the  system  interface 
to  optimum  performance  by  selecting  pulse  width,  pulae  repetition  rate,  AOC  level,  atgnal-to-nolse  ratio,  and  other  parameters, 
The  data  are  recorded  by  the  flight  recorder  and.  In  addition,  a  wind  ahear  signal  processor  la  provided  which  will  drive  (he 
displays  located  In  front  of  the  experimentalist  and  the  pilot,  or  the  experiment,  the  display  Is  a  atandord  commercial  weather 
radar  indicator.  If  implemented  as  a  practical  system,  the  type  of  display  would  be  subject  to  coordination  between  FAA,  the 
pilots  and  the  engineers 
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OJMVlt,  Flight  Experiment  Plans 

(UN)Thc  installation  of  the  mlcroburst  detector  system  in  the  Hoeing  737  aircraft  and  a  complete  system  checkout  will  be 
completed  by  the  end  uf  1990.  The  planned  Ilium  experiments  subdivide  the  wind  shear  r-ior  flight  program  Into  three  phases. 

(UN)Phase  I  will  initially  establish  the  basic  radar  operation  in  the  installed  configuration.  After  aircraft  night  testing  of 
the  system  (shakedown),  Phase  1  is  mainly  dedicated  lo  ground  clutter  measurements  and  validation  of  previous  measurements  of 

clutter  at  previously  targeted  airports  with  the  SAR  by  ER1M.  The  target  airport*  lire  located  in  Philadelphia,  Ann  Arbor,  and 
Denver.  A  local  clutter  measurement  of  opportunity,  when  the  weather  la  dear,  will  be  at  WaUopa  airfield  on  the  Delmarv* 
Peninsula,  The  clutter  measurements  are  important  to  validate  the  capability  to  ayntheaue  computer  clutter  models  for  many 
different  airports  and  to  determine  the  expected  SCR  for  d'fferent  ground  coverage  around  airport*  such  as  grass,  trees,  buildings 
(suburban  and  industrial),  and  parked  aircrafts.  Special  attention  will  be  directed  toward  the  clutter  signatures  of  moving  clutter 
objects  such  as  trains,  automobiles,  or  taxiing  aircrafts.  The  estimated  time  frame  for  these  flights  will  be  November  1990  to 
September  1991, 

(UN)Pha»e  11  la  directed  toward  the  detection  of  wind  shear  conditions  in  weather  fronts  at  altitudes  above  700  meters  where 
ground  clutter  Is  not  a  factor.  The  objectives  of  Phase  11  ore  the  characterization  of  radar  parameters  over  the  operational  range 
for  as  many  as  possible  atmospheric  conditions  to  support  the  analytical  data  base  of  the  aforementioned  simulation  model. 
Another  objective  la  the  evaluation  of  the  capability  or  the  wind  shear  radar  to  detect  wind  ahear  by  measuring  solely  the 
horizontal  windspeed  component,  These  flights  will  be  conducted  In  the  vicinity  of  the  Denver  airport  and  Wallops  airfield 
between  August  1991  and  March  1992. 

(UN)Fhase  111  includes  a  senes  of  tests  for  several  evaluations  such  as  recording  the  radar  s  response  during  landing 
approaches  at  airports  during  severe  convective  sturm  activities  and  data  analysts  at  the  ground  processor  station  from  recorded 
duta,  One  objective  of  Phase  lit  is  the  collection  of  composite  radar  sgnnl  and  rlutter  data  to  support  the  development  of  real-time 
processing  algorithms.  These  flight  experiments  nnd  data  analyse  are  planned  for  August  1091  until  .July  1992  at  the  Denver 
ulrpart  and  Wallops  airfield.  Ar, other  objective  is  to  define  the  radar's  ability  to  provide  the  wtnd  shear  detection  and  warning 
function  In  terms  of  the  wind  shear  hazard  factor  and  its  presentation  of  the  hazard  index  to  the  aircraft  crew,  i.e.,  reul-tlme 
demonstration  of  radar  capability  for  wind  shear  delection,  At  Inter  stages  or  the  program,  tt  also  includes  the  onboard 
processing  and  display  of  wind  sheur  conditions  lo  the  experimentalist  nnd  the  pilot,  The  performance  demonstration  flights 
will  take  pluce  nt  Denver  and  Wallops  nnd  are  plunrcd  for  June  1992  until  August  1994  nnd  Include  a  detailed  dulu  analysis. 

(UN)The  Phase  lit  experiments  are  flights  of  opportunity  because  wind  shear  development  is  very  dependent  on  weather 
conditions  such  ns  mtgradon  of  cold  fronts  into  masses  of  warm  air  or  vice  versa.  These  conditions  appear  frequently  nt  Denver 
airport  m  spring,  summer,  nnd  fall  months  and  nt  limited  frequency  nt  Wallops  during  the  summer  months,  other  local  .ons  of 
frequent  wind  shear  and  mtcroburat  activities  are  Dallas,  Houston,  and  Miami. 


(UN)Vlll.  Concluding  Remarks 

|UN)A  preliminary  IradeolT  ami  usFC.ssnienl  study  was  conducted  to  evaluate  the  perforttmnre  of  airborne  Doppler  radar 
sensors  to  detect  hazardous  microburst  wind  shear  during  ulrcrolt  lundlng.  Using  a  preliminary  set  uf  performance,  requirements 
for  the  design  of  forward-looking  sensora,  a  baseline  set  or  tudnr  parameters  was  developed  lor  use  in  assessing  wind  shear 
detection  performance  using  a  radar  simulation  program.  A  description  was  given  of  the  simulation  program,  which  Includes 
excellent  models  of  microburst  wind  fields,  realistic  clutter  maps  of  airports,  and  accurate  models  of  Doppler  radar  operation  and 
signal  processing. 

(UN)Stmulations  were  conducted  with  a  specific  airport,  sclented  Inslantancous  mlcroburst  conditions,  and  thr  buwline 
radar  parameters,  These  simulations  show  that  in  realistic  situations,  forward-looking  airborne  radar  sensors  have  the 
potential  to  dried  wind  sheur  and  provide  information  to  the  aircrew  that  will  permit  cevcupe  or  avmdunce  of  hazardous  shear 
situations, 

(UN)For  the  Doppler  radar  sensor  configuration,  analyses  of  computer  simulation  studies  show  thut  wtnd  shear  cun  be 
delected  accurately  in  to  6B  seconds  in  front  of  an  aircraft  approaching  b  hazardous  mlcruburst  positioned  In  the  night  path  of 
the  landing  aircraft.  This  is  accomplished  using  a  bln-to-bln  ACC,  clutter  filtering,  limited  detection  range  (64  bins],  nnd  mutable 
till  management  of  the  antenna,  Tnc  sensot  is  highly  effective  for  the  "wet"  mlcroburst  where  high  signal- to- noise  ratios  nnd 
high  signal  -to  clutter  ratio*  on1  obtainable  due  to  a  large  reflectivity  level, 

(UN)The  experimental  radar  consists  or  a  modified  Doppler  wenther  radar,  ll  s  first  IP  Is  used  to  provide  the  signals  lor 
processing  of  the  Inphase  and  Quadrature  information  and  for  the  LOG  amplifications  and  detection  of  ihe  envelop  of  the  IK 
amplitude  The  detected  signal  serves  ns  the  drive  for  the  AOC  and  controls  the  digitally-programmed  attenuators  for  the  bln-to- 
bln  adjustment  of  path  losses 

(UN)Tbe  signal  processing  nnd  data  recording  Is  achieved  with  analog  tu  digital  conversion.  A  matrix  buffer-  at  nr  age  device 
provides  it  smooth  data  flaw  lo  the  recording  system  by  using  n  ping-pong  control.  Two  buffer-siornge  devices  deliver  the  digitized 
signal  in  parallel  to  the  high-speed  recorder  nnd  lo  the  wind  shear  slguul  processor,  The  signal  procensor  Is  planned  lo  indteute 
thi?  hoznrd  index  with  displays  to  ihe  pilot  and  the  experimentalist.  The  experimental  radar  is  in  the  process  of  being  Installed  In 
the  Boeing  737  aircraft  (NASA  DIO). 

(UNJThe  planned  night  schedule  subdivides  the  wtnd  shear  radar  flight  program  into  three  phases,  Phase  1  Includes  the 
shakedown  flight  and  ground  clutter  meusurement/recurdlng  at  the  Philadelphia,  Ann  Arbir.  Denver  airports,  and  Wallops 
airfield  during  clear  weather  conditions.  Phase  H  is  directed  toward  wind  sheur  measurements  from  convective  storms  above  700 
meters  without  ground  duller,  The  flights  will  be  conducted  in  the  vicinity  of  Ihe  Denver  airport  and  Wallops  airfield.  During 
Phase  111,  convective  storm  wind  shear  ikliu  In  the  prenencr  of  ground  clutter  will  be  collected.  These  data  will  be  used  to  evuluale 
the  capability  of  suppressing  the  strong  clutter  signal.  Finally  performance  demonstration  flights  will  be  conducted  ut  the 
Denver  airport  and  Wallops  airfield  by  August  1994, 

(UN)Durtna  the  scheduled  experiments,  duta  unulysts  and  news  release  publics  ions  will  inform  Industry  and  the  public  of 
progress  In  the  Held  of  wind  she  nr /mlcroburst  detection  capability  using  Doppler  radar, 
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RANGE  TO  TOUCHDOWN,  Km 


(UN)  K14.  7  Hazard  index  vs  ronRe  to  touchdown  derived  from  the  velocities  shown  in 

fltfurr  6,  Index  In  calculated  from  avernRe  velocity  differences  over  5  ranfle  cell# 
(780  m). 


Wind  Speed 
(m/s) 


(UN)  FIR,  8  Uiinae>uximu(h  display  of  wind  velocity  contours  for  the  'wet"  mtcrohurst, 
baseline  radar  parameters,  and  comlltluns  listed  in  FIR.  4,  Hie  lar^e  hem!  to 
(all  velocity  and  wind  direction  chntlftc  In  clearly  shown. 
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4»8TRACT 

l  A  Realtime  Azimuth  Processor  Was  devnlopod  tor  tho  airborne  F-SAR  system  (Experimental  Synlliellc 
*  Aperture  Radar)  of  DLR.  Tho  processor  works  with  an  unfocused  compression  mnllrod.  This  method 
/j  greatly  simplifies  tho  data  processing  and  Is  easily  Implemented  by  a  moving  average  approach,  A  SAR 
Imago  procesand  by  a  traditional  unfocused  processing  method  Inis  a  lower  contrast,  higher  slrlnlnbns 
'A*.  and  worse  resolution  than  In  tho  focused  ruse.  A  now  algorithm  was  developed,  so  that  a  triangular 
amplitude  weighting  could  bo  Implemented  Into  tho  nnlocnaecl  processing  nuilhod  wlthenl  additional 
complications.  Images  processed  In  mull  Into  are  presented,  Thr>y  show  good  centrnsl  and  strong  sup¬ 
pression  of  the  sklnlohns.  The  processor  hardware  can  lie  Implnmehletl  with  reduced  costs  In  sniull 
alrcrafls  and  Is  suitable  ter  several  applications  such  ns  the  iWnd  mi  el  nil  pollution  over  ihp  sun..  _ 


! 


1.  INTRODUCTION 


The  use  of  synlhetlc  apnrlure  radar  for  romoln  sensing  lies  Increased  l,n (|cdy  hr  incenl  years  due  to  the 
all-woathor,  wldo  swath  and  high  rnsoliltloli  capalilllllos.  In, ago  lonnallnn  from  SAR  (lain  Is  well  known 
and  Involves  coherent  processing  helweon  the  received  signal  ami  tire  malched  Impulse  response 
function,  which  Is  also  called  Iho  rolnreuce  hmctlnn  (Filch,  1988;  Hensley,  1082). 

The  E-9AR  systom  of  DLR  (Horn,  1088)  is  opnralml  experimentally  In  I  hand  wlllmul  patse  coiopresslisi 
(10(1  ns  pulse  duration)  mid  In  Gbaud  with  a  FM  pu'se.  In  Ihe  laltei  earn',  range  compression  Is  pel 
formed  by  a  SAW  device,  An  azimuth  processor  was  developed  tar  Ihe  F-SAU  system  to  produce  null 
tlmn  I inagoa.  It  offerB  some  Important  advantages  : 

•  llic-i  complain  SAR  sensor  hardware  t.uu  be  tested  In  realtime, 

•  areas  Illuminated  by  tho  radar  are  nronllered  In  iimIHimm,  tncilllnllmi  lm  example  tin,  dnlnr  lion  ul 
oil  spills  at  sea, 

•  tho  processed  Image  contains  only  a  reduced  aiaoanl  el  data  due  In  nuiltlloeku  01  to  a  smallei 
proesnsnd  bandwidth.  Hem  e  Iho  storage  can  he  reduced  In  capacity  awl  realised  by  a  r  oavonllonal 
video  recordor, 

•  tho  roalllmo  Images  can  be  nsml  as  a  relmenci!  Im  Ihe  hlijli  insolation  oil  line  d.ila  pior.osslng. 


2.  CONCEPT  OF  THE  REALTIME  PROCESSOR 


For  small  npnrtlirea  (  r/i  c  20"  In  ligriro  1),  tho  phase  history  el  a  point  l.ngot  Is  a  i|ii, idiotic  lum.lion  ul 
tho  transmitted  pulse  nnmbei  N  and  Is  given  by  (no  sqidiil  angle  In  eenuldererl)  : 


(2,1) 
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where  PRI  Is  tho  pulse  repetition  lulorvul  and  R„  Is  the  mluliniim  *anrjn  between  nlrciult  anil  point  tar  got, 
Differentiating  the  phase  history  yields,  tor  a  sufficiently  small  PRI,  Ihe  floppier  (rnqunncv  as  a  tunctlon 
of  pulse  number,  as  follows  : 
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Figure  1.  Comldtred  Imiglng  gtomatry. 


where 

2  •  <p  -  processed  aperture  , 
a -azimuth  beamwldth  of  antanna  , 

0  -  azimuth  length  of  the  antenna  , 
k  —  wavelength  and  V  -  aircraft  speed, 


(2  3)  e  *  —  —  ^ma*^  1 1/}  |  s  azimuth  3  dB  beamwldth  ol  Ihe  antenna 

The  developed  azimuth  processor  works  with  an  unfocused  processing  method.  In  tills  case  It  proc¬ 
esses  only  a  small  bandwidth  of  Ihe  backscattered  a/.lmtilh  signal.  The  azimuth  signal  Is  correlated  with 
a  simple  rectangular  function  which  does  noi  correct  Its  quadratic  phase  history.  The  correlation  at 
doppler  frequency  zero  Is  performed  with  an  accealanlu  maximum  ,,haso  nr -or  of  W  This  means  a 
maximum  two  way  range  variation,  2  •  [f?(  ±  /V)  -  fl,J ,  of  ,1/4. 

The  unfocused  processing  method  Is  based  on  the.  fact  tlint  the  accepted  phase  error  ol  DO"  loads  to 
sufficient  Image  quality.  For  the  determination  of  |  yr„,, I ,  the  one  way  range  variation  Is  limited  by  ,)/ B. 

(2.4)  I  4’m«« !  unloc 


The  azimuth  spatial  resolution,  />,  Is  Indirectly  proportional  lo  Ihe  pionosund  doppler  bandwidth  and  Is 
obtained  by  substituting  (2.4)  In  (2.3) 


The  azimuth  resolution  Increases  with  the  square  root  ot  range  and  Is  not  constant  as  In  Ihe  rase  ot  the 
focused  processing  method.  Since  the  reference  (unction  Is  rectangular,  Ihe  correlation  process  can  be 
carrlod  oul  very  easily  by  the  moving  avnrngo  approach.  Tor  a  complex  representation,  Ilia  r.orrnlated 
response  Is  given  by  : 

(2.6)  g(N)  =  s(N) 1  [>o<  —  )  -I  j  •  roct(  j  )  |  . 
where 

rec/f  ■—  )  -  1  tut  ~  <  N  s  y  1  , 

--  0  e/sewhere  , 

whom  •  means  the  time  domain  convolution,  L  Is  the  limglil  ul  the  lertangulur  reference  lunctlon  and 
s(N)  Is  Itin  received  azimuth  signal  The  Image  detection  Is  peilormerl  by  calculallng  Ihe  absolute  value 
ol  g(N). 

t 

(2.7)  |  g[N)  |  --  jz  .  (!>,(*>  ‘  me l(  j ){  I- 1 s„(N) 1  roc (( )\  }  ’  . 


where  ,x,(W)  and  s„{N)  are  the  real  and  Imaginary  part  of  s(N).  The  azimuth  processing  consists  ol  aver¬ 
aging  the  real  and  Imaginary  compnnonts  ot  the  received  signal  This  can  be  easily  performed  by  a 
moving  average  approach  where  Ihe  most  recent  value  Is  added  and  the  oldest  value  is  subtracted  for 
each  correlated  point.  The  computational  requirements  (or  this  operation  are  greatly  reduced  and  the 
processor  realisation  Is  very  much  simplified  In  comparison  with  Ihe  tociise  I  case, 


2.1  THE  POINT  TARGET  RESPONSE 

Figure  2  left  shows  a  simulated  point  target  rosponse  (L-b.ntd,  R,  -  1300  m  )  t hat  was  obtained  with  the 
unfocused  correlation  method.  The  response  has  high  sldelobns  with  a  peak  slrieloho  ratio  (PSLR)  ot 
-9  dB  and  an  Integrated  sldelobe  ratio  (ISLS)  of  -7  dB.  An  Image  processed  with  the  unfocused  method 
has  low  contrast  and  gives  a  blurred  Impression. 


.1(1-1 


Flflur*  2,  Simulated  point  targat  response  with  (Ha  unfocused  method  (left  :  without  wolahtlna  ;  rloht  •  with 
weighting). 

A  new  algorithm  was  developed,  so  that  a  triangular  amplitude  weighting  could  be  Inserted  In  the 
unfocused  processing  method  without  additional  complications.  The  algorithm  consists  basically  of 
correlating  the  azimuth  signal  twice  with  a  single  moving  average  approach,  This  corresponds  to  a 
single  correlation  with  a  triangular  function,  which  Is  the  weighting  function.  Several  simulations  were 
done  to  optimize  the  processing  parameters,  The  critical  parameter  to  optimize  Is  the  duration  of  tho 
reference  function.  A  shorter  reference  function  reduces  the  phase  error  ot  the  processing,  but  the 
resolution  becomoe  worse  duo  to  the  lower  time  bandwidth  product.  An  extremely  long  reference 
function  cause  a  degradation  of  the  Image  quality  due  to  the  greater  phaBe  error.  The  length  ot  the  ref¬ 
erence  function  waR  chosen  to  achieve  a  good  compromise  between  PSLR,  ISLR,  resolution  and  proc¬ 
essing  loss.  Good  results  were  obtained  due  to  the  fact  that  the  triangular  reference  function  gives  lltlle 
we  ght  to  the  correlation  with  tho  largest  phase  errors,  The  optimised  point  target  response  Is  shown 
In  figure  2  right.  The  proceaalng  loss  due  to  weighting  and  phase  errors  totals  about  2.5  dB,  The 
weighted  response  has  a  PSLR  of  -28  dB  and  an  ISLR  of  •  13.9  dB  and  Is  superior  to  the  non-welghted 
response, 

The  realtime  azimuth  processor  is  composed  of  units  performing  tho  following  functions:  corner  turning 
(transposing  of  the  received  data),  correlation  with  Iho  reference  function  (moving  avorago  approach) 
resampling,  weighting,  Image  detection,  output  Interface  and  test  pntforn  generation,  There  Is  no  pre- 
summing  of  the  data  before  azimuth  proceaalng  dua  to  the  fact  that  the  moving  average  Itself  Is  a  filter 
with  a  elnfxKx  frequency  response.  The  realtime  azimuth  processor  was  developed  providing  two 
modes  of  operation  :  1.  traditional  unfocused  processing  and  2.  unfocused  processing  with  triangular 
weighting  (Morelra,  1989),  Comparisons  can  tie  made  In  realtime  to  show  tho  Improved  Imago  quality 
of  the  new  approach.  The  power  consumption  totals  only  18  W  due  to  the  use  of  modern  CMOS  clrculls 


3.  RESULTS 


Some  realtime  Images  were  selected  for  analysis  and  postprocessing.  The  following  postprocessing 
techniques  ware  used  for  Image  correction  and  enhancement : 

•  Qssmaidi£3Cr»SilSUL  Linear  Interpolation  of  the  Imago  In  range  direction  was  performed  In  order 
to  convert  the  pixel  spacing  from  slant  range  to  ground  rango,  Linear  Interpolation  was  also  used  In 
azimuth  direction  to  adapt  the  pixel  spacing  In  azimuth  to  the  pixel  spacing  In  range, 

•  RMsnnA(tJJL£ms.zilarh  This  procedure  corrects  for  (he  decrease  of  the  backscallored  signal 
power  In  range  direction,  which  la  basically  dependent  on  target  type  and  range,  as  well  as  on  Inci¬ 
dence  angle  and  antenna  pattern.  The  correction  curve  Is  generated  by  Integrating  the  received  radar 
a  gnat  oyer  many  seconds  and  then  filtering  specially,  The  correction  function  Is  equal  to  the  Ihverse 
tittered  Intensity  curve,  Within  the*  corrected  Image  tho  signal  Intensity  Is  constant  and  range  Inde- 
pendent. 

,  *  Spada/  Filtering  torSpecklo  Reduction  Speckle  appears  In  SAR  Images  duo  to  coherent  process¬ 
ing  of  radar  echoes  or  distributed  lorgit  scatlorers.  It  reduces  the  detectability  of  objects  In  the  Image 
(tor  example  small  ships  on  the  sea)  and  also  the  capability  to  s-'parato  distributed  targets  (tor  example 
oil  on  sea  surface).  Speckle  has  the  character  of  multiplicative  noise,  whore  the  mean  value  Is  equal  to 
the  standard  deviation  In  Ihe  Intensity  Image.  A  simple  mean  filter  reduces  the  speckle  noise  by  one 
over  the  number  of  uncorrelated  averaged  pixels,  The  disadvantage  ol  such  a  (liter  Is  that  It  tends  to 
blur  edges  and  decreases  target  Intensities,  when  the  size  of  the  filter  window  becomes  bigger  than  the 


1r>-4 


size  of  the  target.  The  final  Image  seems  to  be  smeared  and  has  lower  contrast.  The  local  statistic 
algorithm  (Lee,  1988)  was  choosen  for  speckle  reduction  because  It  gives  a  good  compromise  between 
computational  expense  and  effer.llvnness  In  speckle  reduction  without  removing  subtle  details.  It  con¬ 
trols  the  local  statistic,  averaging  piocess  according  to  Itm  local  mean  and  local  variance  values.  The 
result  Is  an  Image  with  sharp  edges  and  conserved  subtle  details 

Figure  3  shows  a  5  m1  oil  spill  (dark  region)  that  was  detected  during  the  Archimedes  Its  campaign  at 
the  Dutch  North  Sea  Coast  (Morelra,  Horn  1988).  Radar  la  able  to  detect  oil  pollution  on  the  bob  surface 
by  virtue  of  the  attenuation  of  capillary  wavBs  by  the  oil  spill,  the  ship,  which  discharged  the  oil  Inten¬ 
tionally  for  this  experiment,  can  be  seen  at  the  top  of  this  figure  as  a  large  bright  spot  due  to  Its  strong 
radar  reflectivity,  there  Is  up  to  9  dB  Jynamlc  range  between  sea  and  oil  surface  Intensify  In  the  final 
Image.  Although  the  transmitted  peak  power  was  only  50  W  with  100  ns  pulse  width  In  L-Bsnd  It  was 
possible  to  achieve  a  good  Image  contrast,  This  contrast  arises  from  the  partially  specular  behaviour 
of  the  backscattered  signal  from  tlto  sea  which  becomes  a  gain  in  the  correlnllon  process.  The  signal 
to  noise  ratio  la  0  dB  In  mid  range  for  this  Image, 


Pigur*  3.  Image  procsstad  In  rssltlma:  ell  pollution  on  the  sea. 


Figure  4  shows  the  airport  at  Oburpfaffgnhulen  near  Munich  (C-band).  The  original  Image  of  the  realtime 
processor  without  filtering  Is  shown  lit  the  lower  half.  The  oilier  part  ot  this  Image  was  filtered  with  the 
local  statistics  algorithm.  With  this  adaptive  filtering,  the  speckle  noise  Is  greatly  reduced  (see  area 
around  the  runway).  The  histogram  of  this  area  agrees  well  with  the  histogram  of  an  Image  processed 


Plsur*  4.  Imaga  proc*»««d  In  raaltlmt:  airport  at  Oborplaffenhofen  near  Munich  (released  by  "Reglerung 
von  Oberbayern*  Nr.  QS  300/272/88). 

with  3  looks  (gamma  distribution,  where  the  variance  o(  the  Intensity  imago  equals  one  third  o(  Its 

average). 

The  lake,  Ammersee,  near  Munich  Is  shown  In  figure  5.  The  upper  Image  Is  the  r.imllnuatlon  of  the  lower 
Image.  Together,  the  Image  dimensions  total  about  3x12  km,  II  Ih  possible  to  see  some  sailing  boats 
as  well  as  different  structures  on  the  water  surface  caused  by  the  wind.  The  bright  area  at  far  range 
corresponds  mostly  to  forests  and  small  towns, 


4.  CONCLUSION 


The  processing  of  SAR  date  with  the  proposed  algorithm  can  be  performed  In  realtime  with  relatively 
simple  hardware.  Although  the  suppression  of  the  sldelobes  o(  this  modified,  unfocused,  processing 
method  la  comparable  to  the  focused  case,  the  azimuth  resolullon  Is  limited  because  only  a  small  part 
of  the  doppler  bandwidth  Is  processed,  The  azimuth  resolution  can  bo  Improved  by  (lying  at  low  alti¬ 
tudes  and  by  the  use  of  small  radar  wavelengths. 

The  Implementation  of  multi-looks  Is  also  possible  wlfh  this  algorithm  but  we  have  opted  tor  a  single 
look  processing  and  off-line  filtering  of  speckle  noise  with  the  local  statistic  algorithm, 


.Ifi-h 


Figure  B.  Imigt  proc«u«d  In  realtlma;  Amroariea  like  near  Munich  (released  by  "Reglorung  von  Oborba- 
yarn*  Nr,  OS  300/272/08), 
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RESUME 

Une  nouvelle  technique  de  simulation  d'imayes  provanant  d'un  radar  A  ouverture 
oynthAtlque  eat  proposAe.  La  mAthode  est  axAe  sur  1 'incrus ta tion  d'une  cible  artif ici e l le 
simulAe  dans  une  vrale  image  radar  captAe  pa!'  une  antenne  opArationnelle  portA  par  un 
satellite  (  SEA3AT  ou  3IR-B),  Nous  avona  travaillA  dar.3  les  bandea  L  et  C  et  les 
dimensions  deu  ciblea  AtudiAas  sont  suffisamment  grandos  devant  les  longueurs  d'ondes 
utllisAes  pour  pouvoir  se  servlr  de  techniques  de  calcul  "hautes  FrAquencea"  de  surfaces 
Aquivalentes  radar.  Le  calcul  de  SER  permet  de  remonter  au  signal  brut  regu  par 
l'antenne.  On  incruste  ensulte  1 '  Image  de  la  cible  simulAe  3ur  le  support  extralt:  den 
bases  de  donnAea  de  arAnes  oxistantes  en  tenant  eompte  des  restrictions  txigAes  pa;  ou 
procAdA  partlculier.  Sien  que  leB  possibilltAs  de  simulation  soient  rAduites  du  rail 
de  tee  restrictions,  les  rAaultats  sont  suFFisamment  IntAresaantD  pour  permettre 
d'Atudier  le  eomportement  d'une  cible  part  Icul  lAre  d'intArAt  civil  uu  willtalro  on 
Fonction  des  paramAtres  de  l'onde  radar  ( polarise t Ion ,  Frequence  ...). 


I .  INTRODUCTION 

L 1  utilisation  de  l'lmagerie  radar  comma  outil  de  surveillance  et  de  cartographic  de 
la  surFace  terrestre  a  pria  un  essort  tout  A  fait  remarquable  quand  on  s'est  aporgu  quo 
ces  syutAmos  Atalent  bien  dlffArents  de  l'lmagerie  visible  ou  infrarougc.  Kn  eFFot, 

Id  radar  imageur  A  synthAse  d 'ouverture  a  los  avantages  oulvants  : 

-  Cost  uh  syatAme  tout-temps.  I),  est  pratiquement  independent  de  la  couverture 
nuageuse  du  fait  des  longueurs  d'ondes  utllisAes.  Cet  avantage  n'eat  pas 
nAgligeable  quant  ,on  salt  combien  les  prises  de  vues  optiques  gout  dAgrndAea  par  la 
presence  de  1 ' atmosphere . 

-  Le  deuxlAme  avantage  reside  dans  ie  Fait  que  1' image  rad3r  donne  une  Information 
trAs  diffArente  et  surtout  complAmenteire  de  celle  fournie  par  la  source  optlquo. 

En  effet,  si  i ' image  optique  est  orincipalement  representative  das  proprlAtAs 
chimiques  du  sol,  1' image  hyperfrAquence  est  Use  aux  propriAtAs  physiques  cl 
AlectromagnAtiques . 

Ces  uuantages  ne  vort  pas  sans  certains  InoonvAnients .  En  effet,  1  'oht.cn tion  do 
domiAes  radar  haute  resolution  passe  par  un  traitement  de  signal  trAs  complexe  qu'il 
est  souvent  difficile  d'effectuer  A  bord  du  satellite  porteur,  Mais  i ' i nconvAnient 
majeur  provlent  du  fait  que  la  connaissance  que  l'on  possAde  sur  ces  systAmes  est 
trop  rAcente  pour  que  toutes  les  applications  militaires  ou  civlles  des  radars  lmageura 
haute  rAsclution  soient  connues.  Or  il  est  certain  que  la  caractAristique  "tout  tempo" 
de  la  t AlAdAtection  hyperf rAquence  Justifie  A  elle  seute  1 'utilisation  de  radars 
comme  moyen  da  surveillance  par  1' image, 

Ainsi,  comme  dans  de  nombreux  cas  de  physique  expArimentale,  il  apparalt  It?  buaoln 
de  faire  des  simulations  de  ce  que  l'on  obtiendralt  si  un  systeme  BAR  haute  resolution 
Atait  operationnel .  On  pourra  ainsi  difinir  au  mieux  les  caractAristlque3  tie  1 'apparel  1 
et  maltrlaer  les  paramAtres  sensiblea  dans  l'optique  de  1 ' amAl Location  de  la 
dAtectabilitA  de  cibles  particuliAres  danB  une  image  radar. 

L'articlo  elAveloppA  ici  a  pour  obtectlf  de  presenter  un  nouveau  type  de  ulmulatour 
d'image  BAR.  Ceiul-ci  fonctlonne  de  la  maniAre  sulvante  1  On  nimule  tout  d'abord 
1 1  image  radar  d'une  cible  connue  par  ses  dimensions  et  aes  prnpriAtAs  Alectriques, 

Cette  simulation  est  effectuAe  en  supposant  que  la  cible  est  oeule  dans  la  fauchAe 
du  radar,  L' image  obtenue  est  ensuite  incrustAe  sur  un  support  provenant  des  images 
SEA1AT  ou  SIR-S  L'algorithme  est  done  composA  de  deux  Atapes  sAquentiel les  qui  faront 
l'objet  des  deux  paragraphes  sulvants.  Le  trceiAme  paragraphs  prAsente  les  applications 
possible  de  ce  simulateur  dans  le  domaine  de  la  dAtectabilitA  et.  de  1 '  identi f ication  de 
ciblus  dans  des  images  radar. 
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2,  SIMULATION  DE  L ’ IMAGE  RADAR  D'UNE  CIBLE 

Cette  simulation  est  effectual*  »n  qualre  etapes.  I, a  riliK*  A  trailer  eat  connue  par 
r i;  dimensions,  5.1  morphoiogie  exactr  et  ses  proprietea  rloctriques  (  porini  t  L j  v i  t£, 
parmeaM  I  i  ip  ) .  on  possedc  par  ail  lours  un  rnodile  do  Radar  0  Ouvrrttiro  Synthetiquo 


compatible  aver  le  syt.tdme  tjpnrat i nmie  1 

modi  le  out  caracterloi'  par  : 

riyanr  produit  li»s  support 

d  '  i  nr 

run  t  -i  1  tcm 

Un  porteur  : 
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Dande  de  ttiodulation 
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Lea  quatre  Stapes  sont  lea  uuivantos  : 

1.  Decomposition  de  la  rthle  en  Aldments  yftometr Iques  nlmplcn  (EOS  ou  Points  hrlllants), 
En  of  fat,  quand  la  cible  eat  grande  drvant  la  longueur  d'ondn,  Jo  signal.  r6trodiffus6 
cat  du  unlquenent  A  un  ensemble  flni  de  nMlorteurs. 

a,  Calcul  des  Surfaces  Kquivalentes  Radar  (HER!  des  EGS 

3.  Calcul  d«  la  3EK  yinfirale  de  la  cible 

d,  rjlcul  dU  3ignal  brut  regu  a  l'amenne  r  1  de  1 'image  brute  de  Id  cible, 

a ,  1  Decomposition  de  la  cible  en  KCISI 

Premiere  tillage  du  pruceBBUU,  ‘die  correspond  A  la  dotermlnat  ion  dot  points  hriLlants 
uu  ElomontB  U6om6tr  Iques  Simples  aur  la  cible  putir  eliaqite  pus  I  1  hat  de  .tello-ci  duns  lo 
lobe  de  .1 'antenna.  Pn  offet,  si  la  cibla  eat  pi  acre  dans  la  f, niche, •  du  radar,  olio 

ocrtipora  pluslouru  pur, i lions  dl  set  A  leu  dam;  le  lobe  de  I'anlonnc  du  fait  mAmo  do  la 

nature  ImpulBionnel  to  du  uyh  Louie,  si  ue  nombre  d '  impul  oionr.  act  N,  on  t  rouvo  (Equ  I  )  ; 

N  -  U  *■  H  PRF 
y  Vlljtcoa(a) 


HOURE  1 1  Position:  ucceiiivei  de  l'amenne, 

Lea  param4tres  da  cetto  Equation  sont  reprisentis  but  la  figure  1. 
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Nous  avons  identifiA  trois  types  d'EQS  suivant  1'intensitA  do  la  rAtrodif fusion 
produite.  On  trouvera  dons  le  tableau  ei-dessous  ces  trois  classes  ! 

TYPE  A  :  Structures  triAdriquea.  Elies  produlsent  une  forte  rAtrodif fusion  pour  des 
incidences  tris  variAes.  On  trouveta  les  triAdres  trirectangles  mais  aussl 
toutes  les  structures  rAtrodiffusant  le  rayon  incident  aprAs  trois  rAflexsions 

Internes. 

TYPE  B  !  structures  diAdriquss.  On  trouvera  lei  toul  let  EOS  rAtrodiffusant  l'onde 
aprAs  deux  reflexions  internee.  Le  diAdr*  plan  est  la  plus  simple  structure 
mais  nous  avons  represent*  en  figure  2  quelques  autres  possibili tAs . 


FIGURE  2:  ECS  de  type  B 


TYPE  C  :  Structures  simples  produiaant  une  rAtrodiffusion,  Oela  revient  A  trouver  un 
plan  tangent  orthogonal  au  rayon  incident.  On  altera  le  cylindre  sous  une 
incidence  normale  A  l'axe,  1'arSte  pour  un*  incidence  normale  etc  ... 


2.2  C'alcul  des  SER  due  EOS 

Cect  est  la  deuxiAme  Atape  de  notre  processus.  Nous  avons  en  entrAe,  pour  cheque 
position  do  la  cible  dans  le  lobe,  une  collection  d1  EclS  occupant  une  certaine  position. 
II  s'aglt  malntenant  d'evaluer  la  3ER  de  cos  EQS.  Une  lots  de  plus,  ces  HER  devront 
Atre  AvaluAes  pour  chaque  position  da  la  cible.  Les  ctbleu  auxquellea  nous  nous 
lritAressons  sont  de  nature  artlficlolle  (  fabriquAes  par  1 1  homme )  at  no  sent  pas 
rugueuses  devant  la  longueur  d'onde.  C'est  pourquoi ,  nous  pouvons  utillser  lea 
techniques  d'approximation  haute  frAquence  suivantes  I DAveloppAes  en  rAf.  <i )  t 

A  -  Optlciue  gAomAtrique  i  ThAorie  ancienno  basAe  sur  lu  principe  de  Fermat .  On  obtient 
un  results  t  trAs  simple  Dul^que  la  HER  vautTT  r  v,’  ou  n  et  T2  Bout  les  rayons 
de  caurbure  principaux  de  la  cible  au  point  d1 interaction  considArA. 

AVANTAcjE  :  ExtrAmemant  simple  A  utiliser 

INCONVENIENT  !  Tombe  en  dAFaut  dAs  que  rl  ou  rZ  tend  vers  0  ou  l'inflnl,  ce  qul 
eat  le  cas  pour  toute  surface  contanant  une  droite  ou  une  arflte  (cylindre,  cAno 
ou  plan  !. 

B  -  Optlque  physique  :  rAf  (7)  ThAorie  basAe  sur  la  simplification  de  l'Aquation  de 
Htratton-Chu  permettant  de  calcuier  le  champ  Alectrlquo  diffusA  A  partlr  du  champ 
Aloctrique  recu  par  la  cible.  L'lntAgra'e  rAsultat  pent  sc  simplifier  oi  les  trois 
conditions  oulvantes  sont  respectAss  : 

-  la  cible  est  loin  de  la  source  (champ  iointain) 

-  la  cible  est  grande  devant  la  longueur  d'onde 

-  on  praut  aHsImller,  au  niveau  du  point  d 1  interaction,  ia  cible  A  Bon  plan  tangent, 

AVANTAOE  :  Asses  simple  d ' utilisation ,  Prend  en  compte presque  tous  les  EOS  de 
type  A  et  B . 

INCONVENIENTS  :  Ne  fonctlonne  plus  dAs  qu'il  n'y  a  plus  de  plan  tangent,  ce  qui  est 
le  cas  pour  une  arAte  ou  toute  autre  structure  diffractrice, 

C  -  ThAorie  OAomAtrique  de  la  Diffraction  (TGD)  ;  (rAf,  2  et  3)  Inltialement 

dAveloppAs  par  Keller,  la  TOD  est  une  extension  de  l'optique  gAomAtrique  qui  prend 
en  considAration  une  nouvalle  class*  de  rayons  appolAs  rayons  diffractAs,  On 
Introduit  aloro  un  coefficient  de  diffraction  D  qui  pprmet  de  calcuier  la  SER  dans 
les  cas  oil  l'optique  physique  tombe  en  dAfaut, 

INCONVENIENT  :  Le  Coefficient  de  diffraction  tend  vers  l'inflnl  dAs  que  le  rayon 
diffractA  occupe  deux  positions  particuliAres  dApendanteB  de  la  gAometrio  tie  la 
cible  et  1 ' illumination, 


D  -  ThAorie  Uniforme  ds  la  Diffraction  ITUD)  :  rAf  (51  C'est  une  extension  de  la  TOD 
qui  prend  en  compta  lea  positions  du  rayon  diffractA  pour  lesquelleo  la  thAorie  ds 
Keller  tombe  en  dAfaut.  On  recalcule  le  coefficient  D  A  un  ordre  plus  AlevA, 
INCONVENIENT  :  ThAorie  trAs  lourde, 
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L 1  inconvenient  global  da  ces  theories  eat  qu'alles  ne  donnent  dee  risultats 
acceptables  que  sur  des  conducteurs  parfaita  ce  qui  n'est  giniralement  pas  ie  caa  si 
l'on  veut  effectuer  des  simulations  rdalistes.  11  importe  done  de  pouvoir  se  ramener 
h  des  didlectriqueu .  On  utilise  la  formule  sulvante,  qui  est  valabie  en  tone  optique 

Odlel  * G yp  iRf|2  (2) 

oil  0“ii4lde»iflns  la  SER  du  diilectrique  et  disigne  la  SER  du  corps  psrf altement 

conduetsur.  Rf  ist  le  coefficient  de  reflexion  de  Fresnel  calculi  &  l'intarface  entre 
deux  miliaux.  Ce  coefficient  ns  ne  calaule  sisiment  que  dans  deux  plans  prlviligiis 
qui  eont  le  plan  d’incldenca  (contenant  la  direction  de  propagation  et  la  normals 
k  l'objet  au  point  d'interaction )  at  le  plan  orthogonal  (contenant  la  direction  do 
propagation  et  orthogonal  au  pricident).  La  figure  3  precise  eette  giometrie  i 


FIGURE  3:  Flan  d'incidence  cl  plan  orthogonal 


La  flicha  roprisento  le  vecteur  champ  Atectiique  qui  fait  un  angle  0  avoc  le  plan 
d'incidence,  Cet  angle  est  dit  angle  do  polarisation.  On  difinlt  ainsi  au  nivpfii  de 
l'objet  un  repAre  othonormA  (//,X.w)  oil  w  ost  coliniaire  au  vecteur  propagation,  // 
eat  orthogonal  A  w  dans  le  plan  d'incidence  et  eBt  orthogol,«'.  A  w  dans  in  plan 
orthogonal,  Le  champ  Alectrlque  incident:  peut  se  decomposer  de  maniiiro  unique  sur  // 
et  J.  de  In  manidre  sulvante  ; 

E! «  (  ^  j  ou  m  -  I  El  I  coj(0i  et  Eli  «  I  El  I  »ln(6)  ( j ) 


D'oil  le  champ  diffusi  l 


(4) 


La  matricn  de  ritrodif fusion  perlhet  de  calculer  Ed//  et  Edl  en  fonctlon  de  HI// 
et  Eli  ,  En  effet,  on  obtient  i 
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Ici  ,  lea  SER  Bont  tel les  que 

V°liq>  lfcAil2 
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ou  lea  Cp  sont  calculAes  A  l'aide  des  Formulas  d 'approximation  prAcAdenteo,  II 

s'agit  maintenant  de  revonir  au  champ  electrique  regu  au  niveau  do  1'antenne,  En  effet, 
suppoaons  que  l'on  ait  une  Amission  parallAlo  au  veeteur  viresse  du  satellite  ( ce  qut 
eot  le  cas  pour  SEA3AT )  et  une  reception  directe,  On  nommera  cottn  direction  H  par 
opposition  A  V  qui  3era  orthogonale.  t.a  SER  A  calculor  nst  : 


oHH  *>  llm  4W2  l^'l|T  C7) 


oil  Edh  eat  le  champ  diffuse  projetA  sur  la  direction  H.  Pour  passer  du  champ  diffusA 
Ed  de  coOedOrtnAes  Ed//  et  Edi.  dans  le  repAre  d’incidenco  au  champ  Edh,  il  suffit 
d'effectuer  cette  projection,  3i  les  termes  croisAs  de  la  metrics  sont  ru.ls,  ce  qui  ost 
1#  cas  gAnAralement  en  tone  optique,  on  obtient  : 

Edh  ■■  Ijii.  { |  RW  |  i/o/T cosJ(9)  + 1  Rfi  I  ^oT^l)  iin2(8>}  (8) 

11  suffit  ensuite  de  repasaer  A  la  SER  A  l'aide  de  liquation  7.  On  obtient  : 

oHH  -  I  I  Ml  |  V«r co«2(9)  + 1  Rfi  I  VoTo1^1'  »ln2(0>  1 2  (W) 


P.3  Calcui  de  la  3KR  gAnerale  de  la  cible 

IJno  fois  que  les  SEE  sont.  calculAes  pour  chaque  EOS  et  pour  chaque  position  de 
tseuy.-ci  dans  le  lobe  d'antenno,  il  faut  calculer  la  SER  gAnAruie  de  la  cible  par 
combinaison  des  SER  AlAmertaires .  Ce  calcui  eat  possible  un  utillnant  l'Aquation 
suivante  valide  en  zone  optique  :  Supposons  que  la  cible  Bolt  composAo  de  m  EOS  !  on 
obtient  i 


ot« 


l«m  ,  2 

V  ol  uxp(  J  I 
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oil  IT  t  eat  la  SER  gAnArale  et  T  i  (i  fl  (l .  ra\  )  sont  les  HER  Al Amenta- res .  <ll 

eBt  la  distance  de  l'EOG  1  A  1'antenne  et  ia  longueur  d'onde. 

2. A  Calcui  du  signal  brut  et  de  l*  linage  brute  de  la  cible 

DerniAre  Atape  de  notre  processus  de  simulation  de  cible,  nous  sommes  mainlunant  en 
possession  d'une  collection  do  SER  ile  la  cible  reprAsentant  son  comportement  vls-A-vls 
de  l'onde  hyperfrAquence  quand  elle  traverse  le  lobe  do  I'antennc.  Il  he  reste  plus 
qu'A  calculor  le  signal  brut  regu  par  le  radar  en  modulf.it  la  rAprnsn  impulaionne lie 
de  celui-cl  par  cette  SER,  Pour  cola,  il  faut  choisir  un  modAla  de  SAR  compatible  aver; 
le  ByatAme  ayant  effactuA  les  images  support  sur  leequelltis  1 1  lncruutation  doit  prendre 
place. 

Le  modAle  utilisA  est  le  suivant  : 

SupposonB  qu'il  y  ait  M  rAflecteura  dans  le  lobe  de  1'antenne, 

aoit  n  1 ' impulsion  courante, 

soit  k  la  porte  courunto 

solt  <T(m)  e  ^  m  la  SER  complexe  du  rAflecteur  m, 

aoient  (Xm,  Ym,  Em)  les  cuordonnAes  du  rAflecteur  m  dang  un  repAre  liA  A  1'antenne, 

soient  ( 0 ,  -pjjy- ,  H  )  les  coordonnAes  da  l'antcnno  ralativement  au  mSma  repAre. 

soit  ra  la  rAsoiution  en  distance  et  F  (x)  la  fonctlon  de  modulation  en  distance  du 

radar. 


On  obtient  le  signal  radar  A  1 ' impulsion  n  et  A  la  porte  k  : 

S(n,k).  X.KP  «(m)  el(Pm  f(k-Xm  r»)  AZ(m,n) 


av«c 


AZ(m,n)  -  exp  J  f  yj  Vm)5  +  (H  Zm?  j 


(12) 
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Le  signal  brut  eet  calculi  ainsi,  impulsion  par  impulsion  et  stockA  sur  un  support, 
II  suffit  de  le  corriger  gAomAtriquement  et  radiomAtriquoment  poui1  qu'il  soit 
parfaitement  compatible  avec  le  support  sur  lequel  il  est  destinA  A  Ate  incrustA,  On 
comprtme  alors  ce  signal  brut  en  distance  (compression  d1  impulsion)  Gt.  an  azimtit 
( synthAse  d'ouverture)  et  on  obtient  1 ‘image  complexe  (module  et  phase)  de  la  cible 
simulAp  prAte  A  Aire  incrustee. 

3,  INCRUSTATION 

Nous  s  unities  main  tenant  en  possession  de  l1 image  brute  de  la  cible  aimulAe  pour  un 
cortain  type  de  SAk.  L ' incrustation  peut  alors  Atre  exAcutAe,  Pour  cela,  certalnos 
precautions  devront  3tre  prises,  PranuArement  la  zone  sur  laquelle  1 1  incrustation 
devra  prendra  place  dsvra  repordre  aux  daux  erltAres  euivante  : 

-  Nile  devra  3tre  gAomAtriquement  plane.  Cela  signifie  que  la  zone  ne  sera  pee 
affectAs  de  rellaf,  En  effet,  si  c'Atait  le  eas,  il  faudrait  Atre  capable  de 
prAvoir  la  forme  que  prendrait  la  rAponee  impuleionneiie  du  systAme  SAP,  or,  on  ne 
connaltra  pus  toujours  un  itodila  numArique  de  terrain  suf fisamment  prAcis  pour 
pouvoir  transformer  cette  rAponse. 

-  Elie  devra  fitre  radiomA triquement  plane,  Cela  signifie  qu'il  n'y  aura  pas  de  gros 
rAFlecteurs  A  proximitA  de  la  zone  sur  laquelle  1 1  incrustation  devra  8trn 
rAalisAe.  la  prAsonce  d'une  grande  structure  rAflectriea  pourrait  engsndrer  das 
reflexions  multiples  qui  seraient  impossible  A  maltriser. 

Nous  avons  choisi  une  zona  cantrAe  sur  1'aAroport  de  Cherbourg  Maupertus,  En  eFTeL, 
1g  terrain  d'aviatiun  est.  plat  et  il  n'y  a  pas  de  grandes  structures  rAflectrices 
loin  des  installations  aAroportuaires . 

La  deuxLAme  prAcautlon  qu'il  s'agit  de  prendre  concerne  le  procAdA  d' incrustation 
lul-indme  qul  est  une  addition  complexe  A  complexe  effoctuee  entre  I 'image  brute  du 
support  et  l'lmago  brute  simulAe  do  la  cible,  11  est  nAcessaire  en  efFet  de  inertre 
A  0  les  pixels  du  support  devant  Atre  remplacAB  physiquement  par  1 ' incrustation . 

De  mAine,  il  Faudra  mettre  A  0  les  pixels  concernAs  par  l'ombre  portAe  par  la  cible 
slmulAe  sur  le  sol  relativement  A  1 ' illumination  radar.  La  position  de  ces  pixels 
est  reprAsentAe  sur  ia  figure  4, 


PIOURF  4:  Pixels  conctmAi  pat  ITiwnisutlon. 


Une  f oi Q  cao  jrAtraitemonts  sur  le  support  effectuAs,  il  est  possible  do  lancer 
1 '  incrustation  pixel  A  pixel.  On  obtient  1 'image  bruts  rAsultat  sur  laquelle  on  Fait 
unn  detection  quadra tique  pour  oblentr  lea  pixels  en  puissance. 

4.  RESULTATS  DE  SIMULATION  ET  CONCLUSION 

Las  rAauitata  prAaentAs  au  symposium  concernent  trois  structures  diffArenton  qui 
nous  ont  permia  d'identifier  trois  paramAtres  importants  qui  sont  dAterminants  quand 
on  par.le  de  dAtectabilitA  d'une  cible  dans  une  image  radar,  Comme  on  pourra  Le 
remarquer,  chacun  d 'entre  eux  peut  Faire  en  sorts  que  la  dAtnctlcn  de  la  cible  aoit 
I mposs I  bio , 

PremiAre  simulation  !  It  s'aylt  de  cinq  cylindres  disposAs  A  200  m  les  uns  des 
autras  sur  un  axe  faisant  AO”  avec  le  vecteur  Vitesse  du  satellite.  Ces  cylindres 
sont  haute  de  2b  m  et  de  diamAtre  Agal  A  25  in.  lie  ont  AtA  slmulAs  pour  seabat  at 
incruetie  eur  la  piete  de  1'aAroport  de  Cherbourg  Maupertus  (FRANCE),  on  recotmalt 
ces  cylindres  pares  que,  danB  leur  ensemble,  ils  foment  uno  structure  morphologiquement 
partlculiAre .  11  est  s3r  qu'un  cylindra  unique  n'aurait  pas  pu  Stre  identifiA.  La 
morphoiogie  de  la  cible  est  done  un  paramAtre  dAterminant. 


Deuxidme  simulation  :  il  s'asit  d'une  structure  en  U.  Plusieurs  simulations  ont  Ate 
effectuAes  pour  plusieurs  or'entations  de  celle-ci  relativement  A  1 1  illumination 
SEASAT.  Elle  n'est  vraiment  identifiable  que  si  elle  est  placAe  perpei.uiculairement  au 
falsceau  radar.  Ainsi,  1 'orientation  de  la  oible  est  prApondArante . 

Troi slime  simulation  :  il  s'agit  de  deux  arAtes  disposAes  A  90°  l'une  de  l'autre  dans 

un  plan  perpendiculuirement  au  faiscsau.  On  remarque  que  si  la  polarisation  iinAalre 
du  champ  Alectriqu*  est  parallAls  ll  uns  de  ces  aretes,  1 'autre  eat  Invisible  et 
rAclproquement ,  Ainsi ,  le  polarisation  de  l'onde  Amiss  et  rAflAehie  peut  faire  en  sorts 
qu'une  oible  donnAe  aoit  indAtactable,  Dans  ce  oas  et  dans  celui-lA  seulement,  certains 
traitements  de  polarimAtrie  peuvent  Stre  effectuAs  si  on  dispose  d'un  SAR  multipolari¬ 
sation  . 
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RESUME 


L'imagarl*  BAR  angundro  daa  dibit*  numiriquaa  traa  important*  tant  mu  niveau  d«  la 
tranamiaaion  qu'au  niveau  da  1  'anragiatrament. 

Laa  technique*  da  aodaga  d' image*  ont  pour  but  da  raduira  la  debit  tout  an  prdaarvant  la 
gualit*  originale,  oa  qui  parmat  par  axampla,  d'aliegar  la  capaoite  du  canal  de 
tranamiaaion  at  d'augmantar  la  dur*a  d'onragiatrimant, 

cat  article  priaanta  laa  differantaa  taahniquaa  da  comprauaion  axlatant  a  l'heurs 
actueu*.  La  technique  la  plu*  parformant*  4  baaa  da  tranaformia  coalnua  aat  dtarita  an 
detaila. 

Laa  rdaultata  obtanua  avao  catta  technique  par  THOMBON-C8F  montrant  qu'un  taux  da 
compraaalon  da  l'ordra  de  4  4  9  paut  etra  attulnt  aana  degradation  viaibla  da  1* image. 


1  -  INTRODUCTION 


Una  image  contiant  una  quantit*  d1 informationa  importanta,  typlquemant  1' image  noir  ot 
blano  aat  rapreaantda  aprli  numeriaation  par  una  matrica  da  point*  pouvant  avoir  386 
nivaanx  da  grla  at  alia  nioaaait*  done  pour  dtra  raprdaantaa  eoua  forma  originals  un 
nombro  da  blta  *gai  4  B  foi*  la  nombra  da  point*  par  1*  nombra  da  lignou. 

L*  but  du  oodag*  d1 image*  aat  da  r*duira  catta  quantit*  d' Information*  aana  lntroduira  da 
degradation*  notable*  dan*  l'imng*  raconatruita ,  Plu*  preoi**mant,  un  algorithm*  da  oodaga 
transform*  1' imago  an  un*  **ria  da  coda*  binaira*  qui  parmattant  da  raoonatruire  au 
diaodaur  un*  imaga  dont  la  oontanu  aat  arbitrairamant  prooha  da  celui  de  1* imago 
original*.  Si  l'algorithma  aat  eftioaa*  1*  nombre  da  bit*  da  oa*  code*  binatra*  aat 
nattamant  infdriaur  au  nombra  da  bit*  originel. 

catta  riduat ion  depend  anaantial lament  da  la  correlation  intrine*qua  oxiatant  ontra  laa 
point*  de  1 1  image  at  d*  la  degradation  qua  1'on  autoria*  a  la  raeonatruotion.  La  qualit* 
da  1' imaga  raoonatruit*  deaire*  depend  k  son  tour  da  1 'utilisation  uiterlsura  de  1 1  imago . 
L'affloaoite  d'ur.  algorithm*  da  oodag*  aat  ciraat*ris*e  par  ion  taux  de  compraaalon  ddflni 
comm*  1*  rapport  du  nombra  da  bit*  4  la  aortia  du  oodeur  par  la  nombra  da  bita  a  l'antre* 
at  la  qualite  da  1' imaga  reaonatruite. 

Cotta  qualltf  sa  manure  d"  3  fagona,  objaotivanant  par  la  rapport  aignal  *  bruit  (RSB) 
ddfinl  comma  BUlt  I 


RSB(dB)  -  10  log,, 


2  55® 


j"l 


oilXij  aat  1 '  intanait*  du  point  da  ooordonneaa  (i.j!  dan*  1' image  raconatruita 
at  xjj  call*  da  la  valeur  dan*  l'imaga  originale, 


at  aubjaotivamant  aalon  daa  orittraa  payohoviauala. 


Las  difterantas  method**  da  oodaga  axistantao  4  l'haur*  aotualla  aont  decritaa  au 
paragraph*  i. 


La  method*  base*  aur  la  tranaformia  cosinus  qui  conduit  au  malllaur  taux  da  oompraaaion 
aat  diorita  au  paragriphi  3. 

Oaa  reaultata  obtanua  aur  daa  imagaa  BAR  aont  prdaante*  au  paragraph!  4, 


a  •  METHODES  DE  CODAOE 


3S 1-2 


Touts*  la*  method*.  da  oodaga  axploitant  la  radsndanca  daa  information*  pr*a*ntaa  dan*  un* 
imaga,  Cotta  redondanc*  aat  lies  a  la  prddlatLbilitd  d*B  donn«e*. 

csrtainss  mdthodaa  aupprimant  ainsi  la  radondanoa  au  nivaau  aur  point  courant  da  1' imaga 
an  codant  la  diffdrenc*  antra  aa  valaur  at  la  valaur  pradlta  a  partir  daa  point*  voioins. 
11  s'aglt  de  la  modulation  par  impulsion  coda©  dif tarantielln  (HICD)  ou  da  la  KICD 
adaptativ*  (MICDA)  aalon  qua  las  poid*  servant  au  oaloul  da  la  valaur  prddita  auiant  rig*» 
ou  variable*. 

D'autra*  mathoda*  travalUant  *u  nivaau  da  bloc*  da  points.  11  a'agit  dan*  c*  cat  da 
transform*?  oat  anaambl*  da  point*  an  un*  oamblnaison  lindair*  da  fonotion*  da  bass,  si 
l'ansambl*  da  point*  **t  da  taill*  adequate  o'aat-ii-dira  approximativamint  *gal  au  rayon 
da  correlation  d«*  donndaa  un  nombr*  riduit  d*  fonotion*  d*  baa*  uuffit  k  r*pr*aant*r  1* 
signal.  Da  tallaa  m*thod«*  da  oodag*  a'appallant  method**  par  transform**,  parrel  la*  plus 
oonnuaa  on  trouv*  la  transform**  da  K*rhun*n  l/.iava  (TKL) ,  d'Hadamart,  da  Fourier  at 
ooalnua  (TC) . 

La  maillaur  oomproml*  antra  atfioaoit*  da  oompraaslon  at  faoilit*  d' Implantation  aat 
obtanu*  avao  la  TC. 

En  affat,  comma  on  1*  varra  plus  an  details  par  la  suit*,  la  plupart  daa  mdthodaa  da 
oodaga  sont  basSaa  aur  l'amploi  da  quantif ioataura  acalairaa  dont  1'optimalit*  ddpond  da 
1 1 indipandanoa  daa  ooaffioiant*  traniformSa.  baa  thSorlaa  da  traitamant  du  algnal  montrant 
qua  la  TKL  aat  optimal*  an  o*  aana,  oapandant  aaa  “onotiona  da  baa*  aont  llaai  au  aignal 
at  dona  inoonnuei  au  ddoodaur.  C'aat  pour  catta  raiaon  qu'on  lui  prifSra  la  TC  gui 
praaanta  d*  era*  bonnaa  propriataa  da  dacorrSlation  pour  la  plupart  daa  images  at  dont  las 
fonotion*  da  baa*  sont  fixaa. 

Enfin,  d'autra*  mathoda*  da  oodaga  tal  qua  la  oodagt  sous  bands  [1]  axiatant,  alias 
oorraapondant  k  un*  oombinaiaon  da*  2  aut.raa  typaa  da  methods. 

Dana  la  auita,  noua  noua  interraaona  4  la  method*  k  baaa  da  TC  oar  all*  parmat  d'obtanlr 
daa  taux  da  oompraaslon  Slava  at  rbaiata  bi*n  *ux  arreum  da  tranamlaslon  oomm*  1* 
mantionne  Jain  [2] . 


3.1  -  TA11LE  DES  BLOCS 


3  "  CODAOE  PAR  TC 


Dana  oatta  methods,  la  TC  aat  appliqu**  aur  daa  bloou  da  I'ltiiag*.  Daux  raisons  princlpilai 
pormattant  da  juatlfiar  oa  ohoix.  D'un*  part,  la  ragroupamant  da  points  da  l'imaga  na 
praaanta  d'intSrSt  qua  dan*  la  maaur*  oil  In  correlation  antra  oa*  points  aat  fort*,  or  l*a 
aimulationa  affaotu***  aur  daa  lmagja  ont  montr*  gu 1  un*  tail*  correlation  aat  limitSu  k  un 
voiainag*  da  taili*  rSduita,  4,  l  ou  16  point*  aalon  la  typa  d'imagaa. 

D'autra  part,  la  oomplaxit*  da  la  TC  oroit  rapidamant  avao  Ik  taill*  daa  bloes.  Afin  da 
faoilltar  1' implementation  da  la  transform**  daa  algorithms*  rapid**  ont  at*  davaloppS* 

Sar  CHEN  [3],  LEE  [4]  at  HAQUE  [3].  L' arohitaotura  da  LEE  4  baa*  da  papillon*  a  dnnn*  Uau 
la  realisation  d'un  airoult  VLSI  [4]  pour  un*  taill*  da  bloc  Sgala  *  16.  En  oa  qui 
aonaarn*  1' implantation  logioialla,  il  exist*  daa  procaasaura  «p4aiali*a*. 


3.a  - 


Las  definitions  de  la  TC  diraotu  at  invar**  sont  la*  auivantau  i 
diraota  I 


r(0,v)  .  |  |  f(J.h)  .  co.  (Ml  -  (^ST) 


U,V  -  0,  1,  .  .  .  ,  N-l  Oil 


—  pour  w  •  o 

ii 


C(V) 

invars*  t 


1  pour  v  •  1,2,  ...  ,  N-i 


«'•■>  ■  1 =«>  '<•■>'  ■  -  psn 


j,k  -  o.  l 


.,  N-l 


.’b-l 


On  peut  montrer  qu'il  a'aglt  5'un«  transform**  orthogonal*.  Capendant,  contrairemant  a  la 
transform*#  da  Fourier,  alia  n'ast  paa  aymStrique  at  alia  nScaaalta  deux  procaaaeura 
different*  par  la  transformation  allar  at  ratour. 

3.3  -  PaOPDIETES  DE  LA  TC 


La  TC  poaaada  daa  propriStSa  qul  axpllquant  lea  performance*  da*  algorithms*  da 
aoapraaalan  qul  an  aont  derive*.  La*  plua  important**  da  caa  propriata*  sent  donna** 
ci-aprSa. 


a)  Matlaajj  ipistra 

II  a*t  poaaibla  d'aaacciar  *  oatta  tranaforaia  la  notion  d«  apactra  car  chacuna  das 
fonctlon*  da  baa*  eorreapand  a  un  motif  dont  lea  variation*  *ont  da  plua  an  plus  rapldaa 
au  fur  at  i  assure  qua  l'on  paaaa  das  premier**  fonotion*  a  calls*  d'ordr*  plua  Slave.  Lae 
fonctiona  aont  represents**  sur  la  figure  l. 


ronationi  da  ban* 
Figure  1 


L'ordra  aalon  laqual  aant  traits*  lea  coefficients  suit  la  repartition  dos  frequences 
crolssantes.  11  s'agit  d'un  bnlayag*  tig-rag  raprSsante  aur  la  figure  2. 


Baleyega  du  bloc  at 

raapai  rrt  ition  das  frequences 


Figure  2 
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b)  Concentration  d«  1'Snsra.la 


Leu  transformass  orthoqonales  ont  la  proprieta  be  modifier  fortament  la  repartition  de 
l'dnergie  tout  an  la  oonuarvant.  Inaptitude  da  la  transforms*  a  concentre!-  l'Snergie  sor 
quelquea  fonotlona  de  baaa  pormet  de  prSdU'e  lea  performances  d'unn  methods  de  codago.  Deo 
etudes  ont  montra  qua  la  TC  atait  parml  laa  transferases  t ndepondantes  du  signal  la 
meilleure  k  oat  Sgsrd  [7], 


o)  Dlatrlbution 

Afln  da  coder  au  mieux  lea  coeff ioianta,  11  aat  ndoeesaira  da  oonnaitra  leura 
distributions.  Dea  etudes  approfondiae  ont  montrd  qua  aalsn  la  nature  daa  images,  las 
distributions  auivanu  une  loi  qausaianna,  laplacianne  ou  da  Cauchy. 

On  plus,  lea  distributions  sont  centres*  axospte  pour  la  premier  coefficient  qui 
rapreaanta  la  valaur  moyanna  d'un  bloa  de  1' image  at  qui  aat  dono  poultif.  Leur  variance 
ddorolt  du  pramiar  ooafficiart  aux  coefficients  d'ordra  aupSriaur.  Autramant  dit,  laa 
coefficients  sont  da  meins  an  moina  disperses  quand  on  paasa  das  basses  frequences  aux 
hautaa  frequences. 


d)  Decorrelation 

Comma  cel  a  a  eta  mantlonne  prSoedamment,  la  TC  decorrSla  laa  informations  preasntas  dans 
1' image  at  parmat  dono  un  traltsment  acalaira  optimal. 


La  TC  produit  dee  coefficients  k  veleure  reellee,  il  faut  dono  laa  quantifier  avant  da 
pouvoir  laur  aeaociar  daa  oodaa  binairaa. 


1.3  -  PRINCIPE  DU  CODAOL  PAH  TC 


La  compraaeion  obtanua  par  las  systems*  da  oodaqa  k  baaa  de  tranBformdaa  proviant  da  2 
operations  effeotuiaa  aur  laa  ooaffloianta  : 

II  a'aqit  da  l'opSratlon  irreversible  qui  visa  k  dlmlnuer  la  nombre  da  nivaaux  servant  a 
represents!  un  coefficient  transforms.  Cette  operation  introduit  dens  l'image  une 
deqradatlon  qSneralement  assimilable  a  un  bruit  blano  [d], 

Un  aoin  partioulisr  doit  Stra  apports  au  daasin  du  quantlficateur  (aeuils  de 
quantification,  nivaaux  da  reconstruct ion )  pour  limiter  lee  artefacts. 

Deux  types  de  quantifloateura  aunt  couramment  utilises  i 

-  Hneairs  (QL)  !  Les  sauils  sont  equidistant* . 

-  non  llneair*  (QNL)  I  ies  ssuils  sont  ohoisia  de  fagon  4  conaarver  une  valour  constante 
au  rapport  da  I'mrreur  da  quantification  aur  ia  valaur  resile. 


b>  cvdaai,  »  longueur  varies la  LMi 

II  s'aqit  da  l'operation  revaraibla  qui  eaaooia  daa  codas  binairaa  aux  nivaaux  du 
quantlficateur.  Afln  da  pouvoir  decoder  is  train  bineire  raqu  au  ddcodaur.  ii  eat 
neceasalre  d'imposer  daa  contreintea  sur  la  choix  dee  codas. 

II  exieta  2  types  da  codas  repondant  la  eontrainta  da  dScodabilite. 

-  coda a  a  longueur  fixe  (CLP)  i  representation  binsira  par  example 

-  codas  S  longueur  variable  (CLV)  I  da  type  Huffmann  ou  Huffmmn  oalculS. 

Lea  CLV  produiaant  par  definition  un  nombra  da  bits  variables.  Cala  pose  un  problems  dans 
Is  plupsrt  dss  applications  ou  X'on  desire  obtsnir  un  noabr*  ds  bits  moyen  constant.  Dans 
is  cat  ds  sequences  d' images,  il  faut  prSvoir  uns  memoirs  tampon  at  uns  contra  reaction 
our  la  pas  moyen  de  quantification  pour  regular  Is  debit. 


3.4  -  SCHEMA  DE  CODAlt 


Salon  l'applioation  choiela  debit  fixe  ou  variable,  on  utilise  reepeotivemant  lee  schesaa 
euiventa  i 


e)  QNL  ♦  CLP  :  voir  figure  3 


Bahama  a) 
Figur*  3 


b)  ql  +  clv  i  voir  figure  4. 


Bahama  b) 
rlcyura.  4 


La  complexit*  matirlalla  daa  ichimaa  cat  plus  ou  moina  equivalents.  La  partie  ddlicato  du 
schema  a)  rialda  dans  la  QNL  qul  nicasoita  una  battaria  da  comparateura  tandia  qu'an  ca 
qui  aonoarne  la  schema  b)  la  partla  delicate  sat  la  rialiaatlon  du  clv  at  da  la  lnemolra 
tampon  ou  laa  codaa  aont  conoatbnda  au  oodaur  at  Isolde  au  daaodaur. 

Laa  parformanoaa  an  tarma  da  rapport  signal  k  bruit  aont  oomparablaa.  Coprndant,  la  schema 
b)  aat  baaucoup  plua  robuata  car  il  coda  dana  da  bcnnaa  conditlona  doa  imaqaa  da  nature 
differanta  da  callaa  pour  lequal  il  a  ete  optimise  aana  avoir  a  chanqar  lea  codaa.  Da 
mama,  il  fonetlonne  bian  aur  una  large  plags  da  dibit. 

Plan  qua  la  RSB  na  varia  pea  baauooup,  laa  performances  du  aohima  a)  dlmlnuant 
oonaidirablamant  dana  caa  aonditiona  oar  il  y  a  apparition  d'artofacts  dana  l'litmga. 
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L'algorithme  corraapondant  au  schema  b)  a  iti  proqrnmmi  aur  un  ordinataur  VAX  8800,  Lea 
aimulationa  parmattant  d'obtanir  differanta  taux  da  compraaaion  an  Jouant  aur  la  fineeaa 
du  quantificateur. 

La  tableau  1  donna  laa  Rfi;B  obtanua  aur  plualaura  typea  d' imaqaa  pour  diffiranta  taux  do 
compraaaion. 


Image  1 


Taux  da  conpreaaion 

Rapport  signal  k  bruit  (dB) 

2 

40.24 

3 

34. 4B 

4 

31.49 

S 

29.71 

6 

28.61 

7 

27.89 

image  2 


39-ft 


Taux  da  compraaaion 

Rapport  aignal  A  bruit  (dB) 

2 

4  0.07 

3 

3  4.44 

4 

31.44 

5 

29,66 

6 

38.55 

7 

27. B3 

Tableau  1 

La  quallt*  nubjactiva  daa  imagea  obtanuaa  ait  bonne,  an  partlculiar  dana  la  caa  da  feiblea 
taux  da  compreeeion  oil  eucuna  degradation  n'aat  viaibla. 

Da  plua,  daa  aaaaia  aompiemantalraa  affaotu.aa  aur  d'autrea  imagea  BAR  onfi  montr.  qua 
1 'algorithm!  ait  robuata. 


5  -  CONCLUSION 


Dltfdrintea  tachniquca  da  compruaion  d'imagaa  ont  dta  bri.vament  prdaanteea  dana  cot 
article,  cella  basea  aur  la  transformation  coalnua  a  eta  decrite  en  details.  Ella  fait 
partie  daa  tachniquea  laa  plua  parformantee  A  l'haura  actualla  pour  daa  applications  oil  le 
taux  da  cumprasaion  eat  eiave.  Laa  raaultata  obtanua  aur  daa  images  gar  sont  tout  A  fait 
enoourageants  at  l'on  paut  ainai  aapArer  am.liorar  laa  oapaoitAa  da  atockage  daa  ayatAmea 
utilise*  A  l'haura  actualla. 
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linuglng  techniques  arc  important  sources  of  information  in  military  operations,  They  may  serve 
for  purposes  such  as  target  detection  and  location,  reconnuissam  e.  classification  and 
identification  of  fixed  or  moving  objects  as  well  as  for  orientation  over  unknown  terrain.  Despite 
considerable  advances  in  electro-optical  imaging  systems  the  radur  sensor  has  become  tut 
attractive  alternative  for  several  reasons:  large  range  performance,  penetration  of  wcuthcr,  smoke, 
dust  and  foliage,  day  and  night  operation.  On  the  other  hand  high  resolution  radur  techniques 
such  as  synthetic  aperture  radar  (SAR)  and  inverse  synthetic  aperture  radar  (ISAR)  promise 
geometrical  resolution  of  about  I  m  and  less. 


